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Abstract

A family of three Close Air Support aircraft is presented.

These aircraft are designed with commonality as the main design

objective to reduce the life cycle cost. The aircraft are low

wing, twin-boom, pusher turbo-prop configurations. The amount of

information displayed to the pilot was reduced to a minimum to

greatly simplify the cockpit. The aircraft met the mission

specifications and the performance and cost characteristics

compared well with other CAS aircraft. The concept of a family
of CAS aircraft seems viable after preliminary design.
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I. INTRODUCTION

In the event of a Warsaw Pact - NATO confrontation, the main

attack by the Warsaw Pact forces will most likely focus on the

Fulda Gap in West Germany. This predicted attack will be

spearheaded by the Soviet ground forces stationed in East

Germany. The attack force could consist of as many as 90+
divisions with each division containing roughly 300 main battle

tanks and 1,000 other tracked vehicles. To prevent such an

assault from succeeding, a means of destroying Soviet battle
tanks must be introduced.

There are three weapons available to perform the anti-tank

mission: I) tank against another tank, II) a well trained soldier

armed with anti-tank weapons, and III) Close Air Support (CAS)

aircraft (both helicopters and fixed-wing aircraft).

Through the sponsorship of a NASA/USRA grant, a team of

students concluded that a family of three CAS aircraft is needed

to help perform the anti-tank missions. The aircraft are:

A) An aircraft to take out advancing armor and highly defended

targets (such as fuel or ammunition depots, enemy
headquarters, etc.) in all weather conditions.

B) An aircraft with reduced capabilities from the
aforementioned aircraft (less range and less payload) but
with a lower cost that can attack tanks in fair weather and

night/day conditions.
C) A very low cost aircraft that, through shear numbers, halts

the advancing tank formations in fair weather conditions.

The three aircraft have been taken through preliminary

design. The purpose of this report is to present this work.

Reference 1 - 7 are reports leading up to this report. Shelby J.

Morris, Jr. of NASA Langley Research Center is the technical

adviser for the project. Carol Hopf is the contact at the

Universities Space Research Association.

The mission specifications and profiles are presented in

Chapter 2 and a brief history of Close Air Support aircraft is

presented in Chapter 3. Chapter 4 discusses the configurations.

The weight and balance for the aircraft is presented in

Chapter 5. Chapter 6 gives the performance characteristics while

Chapter 7 presents the stability and control. The structural and

system layouts are presented in Chapters 8 and 9. A life cycle

cost analysis is shown in Chapter I0. Chapter II compares these

three aircraft with other CAS aircraft with regard to performance
and cost. The conclusions and recommendations are discussed in

Chapter 12. The detailed engineering calculations are provided

in the appendices.
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2. CLOSE AIR SUPPORT AIRCRAFT DEFINITION

The purpose of this chapter is to present the mission

specifications and mission profiles for a family of three

close air support (CAS) aircraft. Commonality will be incor-

porated between the three aircraft to a large extent. Typical

mission/armament combinations will also be addressed. These

aircraft will be utilized by Army ground forces to provide

forward close air support.

Several hypothetical battle scenarios have been inves-
tigated by the design team (Reference 1). The primary threat

appears to be from eastern bloc countries, centered around the
Soviet Union. Soviet ground forces rely heavily on tanks,

armored fighting vehicles, and artillery. Since the main
battle tanks are the centerpiece of a Soviet attacking force,

the primary _oal of close air support aircraft is to destroy
the advancing tanks. Other high priority targets will also be
of interest to CAS aircraft.

The three mission specifications and accompanying mission

profiles are the subject of this section. The three CAS
aircraft consist of:

I) A highly capable advanced close air support aircraft.

21A modest technology, moderate cost ground attack
aircraft.

3) A simple, low cost ground attack aircraft.

The aircraft are named: The Good - Aircraft 1

The Bad - Aircraft 2

The Ugly - Aircraft 3

2.1 Specifications for an Advanced Close Air Support

Aircraft (the Good)

The main goal of the advanced close air support aircraft

is to support Army ground forces in day or night, all-weather

operations. This aircraft will incorporate a high technology
level, and may be seen as a follow-on to the Fairchild A-10.

Although assigned primarily to heavy armor engagement, high

priority and heavily defended targets will be delegated to

this aircraft. The mission specification for the airplane is

presented in Table 2.1, with the accompanying mission profile

in Figure 2.1.
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Table 2.1 - Mission Specification for an Advanced Close

Air Support Aircraft

Crew: 1 Pilot, full military gear

I Martin/Baker ejection seat

Armament: One internal GPU-13/A 30mm Gatling Gun

Payload: Total payload of I0,000 ibs., to include:
1,200 rounds of 30mm anti-armor shells

Laser and infrared guided weapons
- AGM-144 Helfire

- AGM-65 Maverick

- AIM-9M Sidewinder

Free-fall munitions

- Mk-82 Snakeye

- Mk-20 Rockeye

- SUU-30B/B Cluster Bomb

Rocket pods
- 2.75 inch rockets

- 7 and 19 round canisters

Performance: Maximum speed of 350 kts. at SL, fully loaded

Cruise speed of 250 kts. at 5,000 ft

Maximum ceiling of 15,000 ft
Combat radius of 400 nm

Sustained 5g's at 150 kts, SL, fully loaded

Endurance: One hour at 5,000 ft

Powerplant: Twin engine advanced turboprop

One counter rotating propeller

Groundrun: 2,000 ft groundrun, steel planking

Avionics: All weather capability (TF/TA radar)

UHF/VHF transceiver
Secure voice and data link

GPS capability, IFF, passive ECM

Certification: Military - Ground Attack

2.2 Specifications for a Modest Technology Close Air

Support Aircraft (the Bad)

The primary purpose of the modest technology aircraft is

to provide close air support for forward troops, and engage

enemy tanks and armored vehicles. The cost and complexity of

the aircraft will be reduced by requiring only modest capabil-

ities, as opposed to a "do-all" type mission. The mission

specification for the aircraft is shown in Table 2.2, and the

mission profile is presented in Figure 2.2.
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Table 2.2 - Mission Specification for a Modest Technology

Close Air Support Aircraft

Crew: 1 Pilot, full military gear

1 Martin/Baker ejection seat

Armament: One internal GPU-13/A 30mm Gatling Gun

Payload: Total payload of 4,100 ibs., to include:
400 rounds of 30mm anti-armor shells

Laser and infrared guided weapons
- AGM-144 Helfire

- AGM-65 Maverick

Free-fall munitions

- Mk-82 Snakeye

- Mk-20 Rockeye

- SUU-30B/B Cluster Bomb

Rocket pods
- 2.75 inch rockets

- 7 and 19 round canisters

Performance: Maximum speed of 350 kts. at SL, clean

Cruise speed of 250 kts. at 5,000 ft
Combat radius of 120 nm

Sustained 5g's at 125 kts, SL, fully loaded

Endurance : Four hours at 5,000 ft

Powerplant: Twin engine advanced turboprop

One counter rotating propeller

Groundrun: 1,200 ft groundrun, soft field

Avionics: Day/Night capability (TF/TA radar)

UHF/VHF transceiver

Secure voice and data link, IFF

Certification: Military - Ground Attack

2.3 Specifications for a Low Cost Close Air Support

Aircraft (the Ugly)

The mission of the low cost close air support aircraft is

to engage enemy tanks. The aircraft will have limited avion-

ics and payload, which will help reduce the price per air-

craft. This will facilitate purchasing a large number of

aircraft. These aircraft adhere to the philosophy of sending

a relatively inexpensive airplane after a relatively inexpen-

sive target. For example, what is the logic of sending a $30

million dollar airplane after a $2 million dollar tank, espe-

cially when the aircraft must destroy 30 tanks to equalize the

numerical superiority (2:1) of enemy tanks to friendly air-
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craft. The mission specification for the low cost aircraft is

shown in Table 2.3, and the mission profile is presented in

Figure 2.3.

Table 2.3 - Mission Specification for a Low Cost Close Air

Support Aircraft

Crew: I Pilot, full military gear

1 Martin/Baker ejection seat

Armament: One internal GPU-13/A 30mm cannon

Payload: Total payload of 2,000 Ibs., to include:
400 rounds of 30mm anti-armor shells

Free-fall munitions

- Mk-82 Snakeye

- Mk-20 Rockeye

- SUU-30B/B Cluster Bomb

Rocket pods

- 2.75 inch rockets

- 7 and 19 round canisters

Performance: Maximum speed of 350 kts. at SL, clean

Cruise speed of 250 kts. at 5,000 ft

Combat radius of 100 nm

Sustained 5g's at 125 kts, SL, fully loaded

Endurance: Four hours at 5,000 ft

Powerplant: Single engine advanced turboprop

Groundrun: 1,000 ft groundrun, soft field

Avionics: Day capability (IFR capabilities)

UHF/VHF transceiver

Secure voice, IFF

Certification: Military - Ground Attack





3. A HISTORICAL SURVEY OF CAS AIRCRAFT

By the start of WWII, aircraft had begun to dominate the

course and outcome of combat. Strategic bombers pounded cities

and military targets, and fighters cleared the skies of enemy

aircraft, allowing the bombers to reach their targets with some

hope of returning to base. It was in WWII that the combat air

support (CAS) mission was refined and developed into a deadly

method of fighting. Fighters and light bombers would fly low and

fast, strafing and bombing enemy troops and armor. Essentially,

a CAS airplane is armed and used much like an airborne tank. In

WWII, most CAS aircraft were converted fighters. These aircraft

usually had internal cannons, and carried around 2000 ib of free

fall bombs and rockets. They would fly low and fast, using the

terrain as cover against enemy fighters and anti-aircraft guns.

When they reached their targets, they would strafe and bomb, and

then climb out, ready to fight their way home as fighters. The

P-51 and P-47 were used extensively in this role in Europe, and

the P-38 was used extensively in the North African and Italian

campaigns. Both the P-38 and British versions of the P-51 were

cannon armed, while the P-47 and American P-51s carried 50

caliber machine guns. These aircraft also were heavily armored

and had a reputation for bringing their pilots home even after

sustaining extensive battle damage. The Ju-87 and the A-36 used

different tactics, however. The A-36 was an attack version of

the P-51A, and was fitted with dive brakes, and the Ju-87 traded

speed for armor and was dedicated to the dive bombing role. The

Ju-87 could also carry two 37mm anti-tank cannons, each with 12

rounds of ammunition. These aircraft would fly to the target at

medium altitudes, and then enter near vertical dives, releasing

their bombs just in time to make an effective pullout. As an

added touch, the Ju-87 had a siren on one of its landing gear

fairings that would produce a loud wail as the airplane entered

one of its dives.

Korea saw the introduction of the jet as a large component

of the American fighting force. Jets did not have the endurance

of the propeller aircraft, so CAS work was left to the A-I

Skyraider, the P-51 Mustang, and the AU-I Corsair. The AU-1 was

a dedicated attack version of the F-4U-6 Corsair. It could carry

4000 ib of bombs and rockets and four 20mm cannons in its wings.

These aircraft spent most of their time hitting troops, bridges,

and supply routes.

In Vietnam, the only aircraft that could successfully perform

the CAS mission was the aging A-I. The attack fighters of the

time, such as the F-105, were much too fast and could not stay

over the battle field long enough to be useful to the ground

troops. The A-Is were vulnerable to SAMs, but they were the only

aircraft available for the CAS role. The A-7 Corsair II was a

step in the right direction, but it was still not a true CAS

airplane. Most of the CAS work toward the end of the war was

9



being performed by helicopters which, while effective, were

lightly armed.

Since Vietnam, the CAS mission has gained a few aircraft.

The AV-SB Harrier can operate from forward bases, and can be an

effective CAS airplane. The AV-8B version can even boast of a
significant battle field endurance. Unfortunately, the Harriers

must be taken to well equipped depot sites when significant

engine maintenance is needed. Argentina has developed a

dedicated COIN (counter insurgence) aircraft called the Pucara.

The COIN mission differs from CAS only in that the target troops

are not expected to have modern anti-aircraft weapons. Finally,

the king of CAS aircraft is the A-10 Thunderbolt II (a.k.a.

"Warthog"). The A-10 was designed to carry a heavy payload from

a forward base to the battle field, loiter there for 1.5 hours,

bomb and strafe as needed, and then return to the forward base

even if heavily damaged. The A-10 has the unique ability to

rapidly destroy tanks by either strafing or firing Maverick

missiles. Since its production, the role of the A-10 has changed

from CAS to pure tank-busting, but it has retained its CAS

capability. The newest CAS airplane is the Soviet Frogfoot.
Similar to the A-10 in size, the Frogfoot closely resembles the

Northrop A-9, one of the competitors in the fly off that led to

the purchase of the A-10. The Frogfoot has tank busting

capabilities, but not to the de_ree possessed by the A-10.
Instead, the Fro_foot concentrates on the ground support side of

CAS. One difficulty with CAS still remains; the CAS aircraft

currently in use are operated by the Air Force, not the Army.

There are good reasons for this, but this causes communication

difficulties, and it prevents the Army from having the aircraft

that it wants. The Good, Bad, and Ugly aircraft presented here

are designed to be used by the Army, and thus fill a gap in the

U.S. arsenal.

Figure 3.1 shows the threeviews of the aircraft discussed in

this chapter.

I0
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4. CONFIGURATION DESCRIPTION

The purpose of this chapter is to present the configuration

of the Good, Bad and Ugly aircraft. The following aspects will

be included:

I) Overall configuration

2) Forward fuselage

3) Wing

4) Propulsion systems

5) Weapons systems

6) Landing gear

Throughout the design of each aircraft, an emphasis was

placed on achieving as much commonality as possible between the
aircraft, while maintaining the feasibility of each.

4.1 Overall Configuration

The threeviews for the Good, Bad and Ugly aircraft are

presented in Figures 4.1 through 4.3. The major design decisions
that were made are discussed in this section, along with the

reasoning behind each. Commonality considerations played a
crucial role in most of the design decisions. Because of the

relatively large difference in take-off weight, payload and power

requirements between the three aircraft, the number of
configurations that would retain a high degree of commonality

were limited.

The overall configuration selected for the three aircraft is

of the twin boom type. The reasons behind this decision are
listed below:

I) The engines can be mounted in a pusher configuration, closer

to the center of gravity of the aircraft, giving more

favorable weight and balance characteristics. Furthermore,

adverse yaw due to engine-out conditions is avoided when the

engines are mounted on the centerline of the aircraft.

2) It is difficult for persons to run into the propeller while

running up the engines on the ground.

3) A pusher configuration allows for excellent forward

visibility, compared to tractor configurations. This is an

important consideration for _round attack aircraft.

4) A pusher configuration allows for almost 100% commonality in

the cockpit section.

5) The twin boom empennage structure allows for a high degree

of commonality in the empennage surfaces as well as good

survivability.

13
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Basic inboard profiles for each of the three aircraft are

presented in Figures 4.4 through 4.6. The cockpit section and

nose landing gear arrangement is common for the three aircraft.

The 30 mm Gatling gun is located aft of the nose gear. It is

placed at an an_le such that the barrel that is firing is along

the centerline of the aircraft, facilitating sighting. A 1,200

round drum is used for the Good aircraft, while the Bad and Ugly

have 400 round drums.

The fuselazes of the aircraft are divided into three

separate sections:

I) Forward section: cockpit, nose gear, radar

2) Middle section: wing/fuselage intersection

3) Aft section: engine installation

The forward fuselage section of the three aircraft consists

primarily of the cockpit, nose gear, and necessary avionics. It
is common between the Good, Bad and Ugly. The size of the

cockpit section was dictated by the need to accommodate the
advanced avionics systems and radar of the Good aircraft. Nose
gear stowage volume also impacted on the design of the forward
section.

The middle section is different for each aircraft. However,

all three retain the same cross section, which is dictated by the

diameter of the ammunition drum of the Good airplane. The length

of the fuselage varies between the three, though the

wing/fuselage intersection is common.

The aft fuselage section is the same for the three aircraft.

The size of this section is determined by the engine volume

specifications for the Good airplane. Because the avionics and

powerplant for the Bad and Ugly occupy less space than for the
Good aircraft, the two smaller aircraft do not utilize all the

space available in the aft fuselage section.

The design of the empennage was determined by the selection

of the twin boom configuration. As shown in Figures 4.1 through

4.3, the three aircraft have common vertical tails and horizontal

tail bars, located above the vertical tails. This ensures that

the empennage is kept out of the prop-wash. Although this
location reduces the effectiveness, it will increase the fatigue

life of the structure. The Good and Bad have horizontal tail

fins extending from the horizontal tail bar to increase the tail

area.

The tail booms have been sized to account for:

I) Necessary empennage support strength

2) Landin_ _ear size and stowage

3) Commonality

The Good and Bad use a common boom. The aft portion of the
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booms is used on the Ugly also. The boom attachment points,

located ten feet on either side of the aircraft centerline, are

also common for the three aircraft. Although this type of

structure imposes a weight penalty on the Bad and Ugly aircraft,

the benefit to commonality is viewed as substantial.

4.2 Forward Fuselage

The forward fuselage is common to all three aircraft and is

shown in Figure 4.7. The size of the cockpit section was

determined primarily from the volume requirements of the Good

airplane. Among these volume requirements was the necessity to

accommodate a radar dish and other advanced avionics in the

forward fuselage. The cannon was positioned under the fuselage

on the centerline. This location allows the pilot to simply aim

at a target at any distance and achieve a maximum probability of

destroying it. The centerline position also eliminates any

adverse yawing moment which may occur while firing the gun.

Positioning the gun under the fuselage also helps avoid gun

exhaust gases from being sucked into the engine inlets. This

positioning also prevents the pilot from being blinded when the

cannon is fired at night.

The escape system consists of a Martin Baker Mark 11 '

ejection seat. This ejection seat was designed specifically for

use in turboprop aircraft.

4.2.1 Visibility

A high de_ree of visibility was a major concern in the

design of a family of close support aircraft. The following

visibility requirements were determined for these aircraft:

I) 20 deg down over the nose

2) 45 deg down over the sides

3) 5 de_ down over the back

4) Unlimited visibility above

By utilizing these values, it was determined that an F-16-

type canopy would be the most suitable. To determine if the

visibility requirements were met by an F-16 canopy, a visibility

pattern was constructed. By assuming that the pilot has one eye

at the location shown in Figure 4.7, the angles for the

visibility pattern were determined. Figure 4.8 shows this

pattern for the Good, Bad and U_ly.

4.2.2 Cockpit Instrumentation and Avionics Systems

The main system concept is to provide a high degree of

integration between the various systems. The result is a

combined system that reduces pilot workload, enhances the mission

effectiveness, and improves the overall aircraft performance and

reliability.
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The main effort in the design of the cockpit instrumentation

is to _tilize a minimum of controls, reducing the pilot workload.

In addition, control must be provided for the array of radio and

communications equipment, propulsion system, weapons, and HUD

selection.

Communications equipment comprises a major portion of

cockpit equipment in modern day fighters, and should be kept to a
minimum. The following communications equipment is the minimum

included in the three aircraft:

I) UHF/VHF transceiver with main and standby modes

2) Secure voice and data link

3) Voice actuation for communication control

The sensors incorporated in these aircraft are also kept to
a minimum. The following sensors are included:

I) Barometric and radar altimeters

2) Attitude and heading reference system

3) Navigation sensors

a) Inertial Navigation System

b) Global Positioning System

c) Terrain Referenced Navigation System (TRNS)

4) Forward looking infra-red (FLIR) and/or night vision

_oggles (NVG)

5) Radar for target acquisition and Search/Track for
Good and Bad aircraft
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The actual display involves a combination of HUD and Heads

Down Display (HDD). The HUD is used to display information

pertaining directly to the outside world. The HUD incorporates
an advanced system involving a projection that wraps around the

pilot. The images are projected on the canopy. A diagram of

this proposal is provided in Figure 4.9.

The HDD presents the information not directly related to the
outside world. This will include targeting and weapon status,

and map representations displayed on two CRT's. Reference 6

presents the avionics and cockpit instrumentation layout in
greater detail.

The cockpit design included the following items:

I) Advanced HUD (Canopy Projection)

2) Weapons selection and activation switch panel

3) HUD switch panel
4) FLIR/Ni_ht vision switch panel

5) 8" x 8" CRT for map presentation

6) 8" x 8" CRT for weapon status and other information

7) Side stick controller and rudder pedals

8) Manual landing gear actuation

9) Throttle

I0) Engine start and control switch panel

Through the use of advanced cockpit systems, the pilot is

allowed to concentrate on flying the aircraft and successfully

completing the mission.

4.3 Wing

The primary considerations in designing the wing planforms
for the three aircraft were aerodynamic performance and

commonality. All three aircraft use NACA 64A215 airfoils for the

wings. The design of the win_s, as shown in Figure 4.10 is as

follows:

I) Constant 12.5 degree leading edge wing sweep.

2) The outboard section of the win_ is the wing of the Ugly and
is common to all three aircraft. The wings of the Bad and

Ugly are obtained by addin_ additional sections to the wing

of the U_Iy.

3) To avoid tip stall behavior due to the low taper ratios of

the wings, a snag is incorporated in the design of the Good.

All three aircraft have plain flaps, extending from the

wing/fuselage intersection to span section 0.55. Advantages of

plain flaps include simplicity of operation and ease of
maintenance.
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The Good, Bad and Ugly have a cantilever, low-wing

installation. This design was guided by the following
considerations:

i) A shorter landing gear length compared to a mid or high wing

installation. Due to the soft field requirements of the Bad

and Ugly, this results in a significant landing gear weight

savings.

2) Easier mountin_ of under wing stores in unprepared, forward

operating areas. The luxury of weapons carts to hoist the

under wing stores may not be available in the staging areas

for the Bad and Ugly.

4.4 Propulsion System

4.4.1 Powerplant

The Good, Bad and Ugly are all powered by advanced turboprop
engines, and have the followin_ power requirements:

I) Good: 12,000 shp

2) Bad: 5,000 shp

3) Ugly: 2,000 shp

A turboprop powerplant was selected for all three aircraft based
on the following conclusions:

I) Provides best overall efficiency for given cruise speed
and range

2) Low weight-to-power ratio

3) Small frontal area

4) Availability of a large number of turboprops in the 2,000

to 12,000 shp range

To provide a measure of commonality in the design, the Bad

and Ugly utilize the same powerplant. The Bad has two 2,500 shp

engines installed side-by-side, while the Ugly has a single 2,500

shp engine. The Good uses two 6,000 shp engines and incorporates

the same installation as the Bad. The use of two engines enhances

the survivability of the Bad and Good. The powerplant layouts

for the Good, Bad and Ugly are shown in Figures 4.11 and 4.12.

The engine(s) are buried in the aft part of the fuselage for
several reasons:

1) The buried engine installation does not require pods or
nacelles, reducing radar cross sectional area.

2) A buried engine installation reduces the profile drag
associated with pods or nacelles.

3) The aft end of the fuselage is sized by the aircraft with
the largest engine displacement, allowing a common aft
fuselage shell for the two remaining aircraft.
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4) The pusher installation eliminates any potential
interference between the 30 mm gun and the propeller.

Since the Bad and Ugly will operate from the same base of

operations, the use of identical engines decreases the required

parts inventory and allows for cannibalizing.

The data for the propellers for the Good, Bad and Ugly is

presented in Table 4.1. The Good and Bad use counter-rotating

propellers. These not only offer higher overall propulsive

efficiency, but also twin engine reliability with no adverse yaw

due to engine out. However, the gearboxes needed increase the

complexity of the drive system and are very heavy. The Ugly is

driven by a single propeller.

Table 4.1 Propeller Geometric Data

Diameter No. of blades Efficiency

(ft) (Cruise)

Good 8.18 2 x 6 0.86

Bad 7.10 2 x 6 0.81

Ugly 7.10 1 x 6 0.78

The propellers will be of composite construction to save

weight, but will be metallized on the shanks where the hot engine

exhaust impinges on them. The propellers for the Bad and Ugly
are common, though this causes a 6% loss in efficiency for both

aircraft.

The design and location of the exhaust must be placed with

the following design criteria in mind:

1) The exhaust does not interfere with or add heat to the

gearbox

2) Provide anti-icing with exhaust

3) Exhaust parallel to stream to reduce excess interference
drag

Due to the pusher configuration, it is necessary to duct the

exhaust around and away from the _earbox.

4.4.2 Engine Removal

The Good and the Bad aircraft each have two engines in the

upper portion of the aft fuselage. This portion of the fuselage

is common to both aircraft, so the engine removal must be the

same for both aircraft. The method used for the Ugly airplane

will be similar to that of the other aircraft, but the Ugly

airplane has only one engine and a different internal structure.

The removal procedure given below is for the Good and Bad

airplanes only, and the man hour estimates are conjectural for
ideal conditions.
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Procedure:

•

2.

.

•

•

•

7.

8.

9.

I0.

Man Hours

Remove inboard flap sections ....... 0.17

Open all access doors to the

upper and lower engine bays ........ 0.08

- This will require ladders•

Position the crane around the

engine section, secure the crane,

and lower the walkways ............. 0.25

- This will require a tractor.

Remove all engine/airframe

non-structural connections ......... 0.25

Hook the wench hooks to the engine

removal lugs and remove wench chain

slack .............................. 0.10

Unbolt the engine from the airframe

and wench out of the fuselage ...... 0.25

Bolt the engine to the crane and

secure the wench ................... 0.I0

Fold up walkways and remove the

crane .............................. 0.I0

Close and secure access doors ...... 0.08

Replace flaps ...................... 0.17

Engine replacement uses the same method, but steps 4-7 are

in reverse order and opposite manner.

Time to remove/replace 1 engine: 1.6 Man Hours

Time to remove/replace 2 engines: 2.3 Man Hours

The crane used in this method will also work for the Ugly

airplane• Figures 4.13 through 4.15 show the engine removal

procedure and equipment for the Good and Bad airplanes.

4.5 Weapons Systems

The Good, Bad and Ugly are designed to be very versatile,

carrying out several different missions. These are:

i) Tank Attack (Good, Bad and Ugly)

2) Ground Support/ Attack (Good, Bad and Ugly)

3) Helicopter Attack (Good)

The weapon loadings for these missions are shown in Figures 4.16

through 4.18.

All three aircraft incorporate a GAU-13/A 30mm gatling gun.

It is a four-barrel light weight derivative of the GAU-8/A used

on the A-10. It can fire either Armor Piercing Incendiary (API)

or High Explosive Incendiary (HEI). This cannon offers several

advantages:

I) The time of flight to a target at 4,000 ft is 30% less than

that of a 20mm round, and the projectile drops only 10 ft in

the process.
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Figure 4.14 Engine access panels for the Good and Bad

airplanes.
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Figure 4.15 Engine maintenance crane for the Good, Bad,

and U_ly airplanes.
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2) The ammunition it uses is linkless, preventing jams and

reducing the amount of unnecessary weight the airplane must

carry.

3) Its accuracy is comparable to the GAU-8/A while

serviceability is improved.

The weapons systems are described in greater detail in
References 3 and 7.

4.6 Landing Gear

A high degree of commonality has been incorporated into the

landing gear for the Good, Bad and Ugly. A detailed discussion

of the landing gear design is presented in Reference 7.

A tricycle type landing _ear is employed for each airplane.

The nose gear is offset from the centerline to allow room for the

cannon. It retracts directly aft in all three aircraft, as shown

in Figure 4.7. The main gear retract aft beside the booms, as

shown in Figure 4.19. Two tires per strut are used in the Good

and Bad main gear and a single tire on the Ugly. To avoid using

a large fairing to cover the main gear, the tires are arranged in

tandem. Due to the large difference in take-off weight and field

requirements, the Good aircraft uses different main gear tires

than the Bad and Ugly.

The commonality features of the landing gear are:

* The nose gear assembly and tire

* The main landing gear attachment

* The two main _ear wheel bogies for the Good and Bad
* Struts and side braces

* Common retraction actuators/drag braces

A summary of the landing gear details is given in Table 4.2.
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Table 4.2 Summary of Landing Gear Details

Good Bad Ugly

TIP-OVER CRITERIA

Longitudinal (deE)

Lateral (deg)

right

left

21.8 7.2 14.8

46.5 45.7 49.5
39.9 39.4 43.7

TIRES

Nose

Tire size

Quantity

Load capability
Actual load

Main

Tire size

Quantity

Load capability

Actual load

29.1" x II"

1

5,000 ibs

5,275 ibs

34" x 12"

2

10,400 ibs

9,110 ibs

29.1" x ii"

1

5,000 ibs

2,220 ibs

29.1" x II"

2

5,000 ibs

5,270 ibs

29.1" x Ii"

1

5,000 ibs

1,800 Ibs

29.1" x ii"

1

5,000 ibs

2,830 ibs

SHOCK ABSORBERS

Nose

Piston diameter

Piston length

Static pressure

Main

Piston diameter

Piston length

Static pressure

3 in.

6 in.

707 psi

4 in.

11.5 in.

1,470 psi

3 in.

6 in.

410 psi

4 in.
11_5 in.

793 psi

3 in.

6 in.

325 psi

4 in.

11.5 in.

354 psi
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5. b"EIGHT AND BALANCE

The purpose of this chapter is to discuss the weight,

balance and moments of inertia for the Good, Bad and Ugly

aircraft. The method used to calculate the weight penalties due

to commonality of the three aircraft is also discussed in this

chapter. The detailed calculations associated with this chapter

are included in Appendix A.

5.1 Weight Penalties due to Commonality

By designing the three CAS aircraft to incorporate a high

degree of commonality to reduce the overall life cycle cost, a

weight penalty is incurred. This arises from the fact that it is

not possible to optimize the structure for lowest weight for all

three aircraft.

The following items were considered to be the most

influential in determinin_ the weight penalties:

* Wing components

* Nose section

* Landin_ gear components

I) Wing Components.

The design of the wings for the Good, Bad and Ugly

incorporates the wing of the U_Iy aircraft as the baseline for

all the other win_s. To estimate the weight penalties, the

following method was used (Reference 9).

I. The total aerodynamic bending moment over the wing of

the Good was determined from Vorstab, a program developed at KU

(Reference I0). The analysis was done for a cambered wing only,

at several angles of attack. Thus, effects of the wing-body

intersection were not considered.

2. The most critical point in the flight envelope was

determined, which corresponded to the following flight condition:

* Sea level standard conditions, M = 0.227

* n = 9.0 , angle of attack = 18 degrees

* W = 39,725 ibs

3. The inertial relief due to the weight of the wing and

boom was then determined.

4. The total bending moment over the wing of the Good

aircraft was then established. It is shown in Figure A.I in the

appendix. The bending moment was divided into three sections,

corresponding to the wingspans of the three aircraft.

5. With these areas, a ratio of the total area under the

bending moment curve for each aircraft to the area corresponding
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to the Ugly aircraft was obtained. When multiplied by the weight

of the wing of the Ugly, a final win_ weight was obtained for the

Good and the Ugly. The results are listed in Table 5.1

Table 5.1. Commonality Win_ Weight Penalty.

Wing Weight* (ibs)

Current Wing Weight (ibs)

Penalty (Ibs)

Good Bad Ugly

4,800 2,225 864

5,414 2,278 864
614 53 0

* Weight estimated in Reference 7.

2) Nose Section
To estimate the weight penalty due to the common nose

section for the three aircraft, the following method was used:

I. The weights of the fuselages without the nose section

were determined from the General Dynamics and USAF method of

Reference 11. The two weights that were obtained, were then

averaged for each aircraft.

2. These weight were then subtracted from the actual

fuselage weights obtained from Reference 7 giving an approximate

weight'for the nose cones. A 10% weight reduction was factored

into the nose cone weights to account for the use of advanced

materials in this structure.

3. Since the nose cone for the Good is common to all three,

this weight was added to the weights of the fuselages without the

nose cones obtained in Step 1, resulting in the new fuselage

weights.

The results are given in Table 5.2.

Table 5.2.

Section
Fuselage Weight Penalty due to the Common Nose

Good

Fuselage Weight* (ibs) 2,546

Current Fuselage Wt. (Ibs) 2,546

Penalty (ibs) 0

Bad Ugly

1,407 801

1,564 1,143
157 342

*Obtained from Reference 7.

3) Landing Gear

The weight penalties incurred by having a common landing

gear were obtained from Reference 7, Chapter I0, and are given in

Table 5.3.
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Table 5.3. Weight Penalties due to Commonality in Landing Gear

With Commonality

Main Gear (ibs)

Nose Gear (Ibs)

No Commonality

Main Gear (ibs)

Nose Gear (ibs)

Good Bad Ugly

939 793 705

235 235 235

939 500 320
235 200 80

Penalty (M.G./N.G.) (ibs) 0/0 293/35

385/155

Table 5.4 summarizes the overall weight penalties associated with

the various components that have commonality.

Table 5.4. Weight Penalties due to Commonality

Component Good Bad Ugly

Wing 614 53 0

Fuselage 0 157 342

Landing Gear 0 328 540
Horizontal Tail* 0 80 98

Vertical Tail* 0 34 70

TOTAL 614 652 1,050

*Obtained from Reference 7.

5.2 Balance

The methods of Reference 12 were used in developing the

weight and balance statements for the three aircraft. The

labeling method for the stores is that Store #1 corresponds to
the innermost store. To obtain the balance statement as shown in

Tables 5.5-5.7, several factors had to be taken into

consideration:

A) Component center of gravity locations (Figs. 5.1-5.3)

B) C.G. travel

C) Static margin at the aft C.G.

The C.G. excursion diagrams shown in Figures 5.4-5.6 were
used to determine the aft C.G. locations as well as the overall

C.G. travel for the three aircraft. The C.G. travels were:

Good 18 in 12.7% MGC

Bad 18 in 15.4% MGC

Ugly II in 11.6% MGC
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Table 5.5 Component Weight and Balance for the Good Airplane

COMPONENT Weight X-CO Y-(X) Z-CX)
(lbs) (in) (in) (in)

Wing
SectionI 432 436 -336 86

Section2 707 418 - 174 86

Section3 3,136 406 0 86

Section4 707 418 174 86

Sectlon5 432 436 336 86

HorizontalTaft 416 782 0 210

VerticalTail 286 767 0 155

Boom 244 500 0 86

Fuselage 2,546 278 0 95
Nacelle 200 460 0 95

LandingBear - Nose 235 159 3 40

- Main 939 430 0 40

STRUCTURE TOTAL I0,280 410 0 90

Left Engine 1,250 467 -24 !00

Right Engine 1,250 467 24 I O0
Gearbox I ,500 537 0 115
Air Induction 700 412 0 115

Propeller 600 582 0 115

Fuel System 564 429 0 86
Fuel Dump 26 469 0 86
Engine ,Starting System 46 457 0 1O0
Engine Controls 92 457 0 t O0
Propeller Controls 287 582 0 115
Oil System 175 467 0 1O0

POWERPLANT TOTAL 6,490 489 0 106

FlightControls 816 419 0 95

Hydraulicand Pneumatic 324 380 0 90

Instrumentation 461 114 0 IO0

ElectricalSystem 505 380 0 IO0

A/C, Pressurization 161 380 0 95

Oxygen System 0 200 0 95
Furnishings 165 160 0 105
AuxiliaryGear 203 360 0 IO0

Paint 121 360 0 IO0

30 mm OatlingGun I,200 195 0 73

FIXED EQUIPMENT 3,956 290 0 90
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Table 5.5 cont.

EMPTY WEIGHT TOTALS

TrappedFueland Oil

Crew

20,726 412 0 95

198 421 0 86

225 146 0 115

OPERATINO EMPTY TOTAL

Fuel

Ammunition
Stores= I
Stores #2

Stores =3
Stores #4

21,149 409 O 95

10,200 414 0 86
936 216 0 105

3,186 358 0 45

3,042 374 0 45
830 390 0 45
382 436 0 45

TAKE-OFF WEIGHT 39,725 399 0 84
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Table 5.6 Component Weight and Balance for the Bad Airplane

COMPONENT Weight X-C6 Y-CO Z-CG

(lbs) (in) (in) (in[

Wing
Section 1 432 436 -336 86

Section 2 707 418 - 174 86
Section 4 707 418 174. 86
Section5. 432 436 336 86

HorlzontalTall 416 782 0 210

VerticalTail 286 767 0 155

Boom 244 500 O 86

Fuselage 1,564 278 0 95

Necelle 200 305 0 95

LandingGear- Nose 200 209 3 40

- Main 500 430 0 40

STRUCTURE TOTAL 5,688 420 0 96

LeftEngine 600 462 -24 100

RightEngine 600 462 24 IO0

Gearbox 600 522 0 115

Air Induction 896 435 0 115

Propeller 430 552 0 115

FuelSystem 361 401 0 86

FuelDump 20 411 0 86

Engine Starting System 16 442 0 I O0

Engine Controls 82 ,t42 0 1O0
Propeller Controls 45 550 0 115
Oil System 84 462 0 1O0

POWERPLANT TOTAL 3,734 470 0 106

FlightControls 551 390 0 95

Hydraulicand Pneumatic 173 380 0 90

Instrumentation 289 164 0 IO0

ElectricalSystem 376 380 0 IO0

A/C, Pressurization 130 380 0 95

Oxygen System 0 225 0 95

Furnishings 130 225 O 105

AuxiliaryGear 121 380 0 IO0

Paint 65 380 0 IOO

30 mm GatlingGun I,200 245 O 73

FIXED EQUIPMENT 3,035 301 0 88

EMPTY WEIGHT TOTALS 12,457 406 0 97
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Table 5.6 cont.

TrappedFueland Oil
Crew

109 390 0 86

225 196 0 115

OPERATINGEMPTY TOTAL

Fuel

Ammunition

,Stores= I

Stores#2

Stores#3

12,791 402 0 97

5,030 395 0 86

608 266 0 105

3,042 338 0 45

436 364 0 4S

382 406 0 45

TAKE-OFF WEIGHT 22,289 387 0 86
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Table 5.7 Component Weight and Balance for the Ugly Airplane

COMPONENT WMght X-CO Y-CO Z-C_
(Ibs) (in) (in) (in)

Wing
._ti0n I 432 381 -336 86

_tion 5 432 381 336 86

HorizontalTail 286 639 0 210

Yerli_lTail 286 620 0 155

Boom 166 480 0 86

Fuselage l,143 277 0 95

Nacelle 75 408 0 107

Landing Oear - Nose 80 224 3 40
- Main 320 415 0 40

STRUCTURETOT_ 3,220 393 0 101

Engine 500 430 - 24 107
Oearbox 300 482 0 112

Air Induction 252 408 0 112

Propeller 300 501 0 112

FuelSystem 137 376 0 86

FuelDump 11 401 0 86

EngineStarting System 4 420 0 107

Erw:9ne Controls 48 420 0 107

PropellerControls 28 501 0 I12

OilSystem 35 430 0 1O0

POWERPLANT TOT_ 1,615 446 0 108

Fliqht Cx_trols 357 386 0 95
Hy_'aulic and Pneumatic 86 385 0 90
Instrumentation 178 179 0 IO0

ElectricalSystem 254 385 0 IO0
A/C, Pressurization I11 385 0 95
Oxygen Syslem 0 272 0 95
Furnishings 116 230 0 105

AuxiliaryGear 68 385 0 100

Paint 32 390 0 1O0

30 mm Gatling Gun 1,200 260 0 73

FIXED EQUIPMENT 2,402 300 0 85

EMPTY WEl(._-IITOTAL,.% 7,237 374 0 97

TrappedFuelandOil 55 382 0 86
Crew 225 211 0 115
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Table 5.7 cont.

OPERAI'IN6 EMPTY TOTAL

Fuel

Ammunition

Stores = I

7,517 369 0 98

1,750 376 0 86

608 281 0 105

1,060 338 0 45

TAKE-OFF WEIOHT I0,935 362 0 91
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Figure 5.4 C.G. Excursion Diagram for the Good AiFplan_e
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Figure 5.5 C.G. Excursion Diagram for the Bad AirpLane
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These figures are comparable to the accepted range of C.G.
travel indicated in Reference 12, which are 15 inches or 20% of

MGC.

5.3 Moment of Inertia

The moment of inertia values for the three aircraft are

shown in Table 5.5. These values are compared to typical moment

of inertia trends for various aircraft in Figures 5.7-5.9.

Table 5.5 Moments of Inertia for the Good, Bad and Ugly

Good

Oper. Weight Empty
Take-Off Weight

Ixx Iyy Izz Ixz

38,883 80,854 113,300 6,420

42,279 94,773 102,181 7,806

Bad

Oper. Weight Empty

Take-Off Weight

34,438 56,030 85,182 6,711

36,310 62,760 82,379 8,170

Oper. Weight Empty
Take-Off Weight

23,688 24,260 44,419 3,507

24,455 26,324 42,574 3,646

_Note: All moment of inertia values in slug ft 2
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6. PERFORMANCE

The purpose of this chapter is to discuss the performance

requirements of the Good, Bad and Ugly aircraft and report if

these requirements are met. The requirements are:

Maximum speed z Combat Ceiling
Combat radius * Maximum load factor

Endurance _ Military climb requirements

Take-off/landing groundruns

The detailed calculations pertinent to this chapter are

included in Appendix B.

6.1 Maximum Speed

The mission specifications for the three aircraft were as
follows:

Good: 350 kts, SLS, fully loaded

Bad: 350 kts, SLS, clean

Ugly: 350 kts, SLS, clean

The maximum speeds for the three aircraft were determined

from the performance diagrams of each aircraft (Figures 6.1-6.3)
and are listed in Table 6.1.

w

6.2 Combat Ceiling

The mission specifications state that the ceiling

requirements for the Good, Bad and Ugly are:

Good:

Bad:

Ugly:

15,000 ft

no requirement

no requirement

For military aircraft, the combat ceiling is defined as the

altitude where the rate of climb is 500 fpm at maximum power.

The input data for the calculations are:

Aircraft weight

Propeller efficiency of 0.82
* Wing loading

: Air density ratio

The results are listed in Table 6.1.

6.3 Combat Radius

The combat radius determined in the mission specifications
for each of the three aircraft are:

Good: 400 nm
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Bad: 120 nm

Ugly: i00 nm

The Breguet range equation was applied for each segment of
the mission. The individual segments were then added up to

obtain an overall combat radius. The input data for each segment

of the mission for the range equation are:

Propeller efficiency

Specific fuel consumption

z Lift-to-drag ratio

Ratio of initial to final weights

6.4 Maneuvering Load Factor

The maneuvering requirements listed in the mission

specification are:

Good:

Bad:

Ugly:

5 g's sustained, 150 kts SLS, fully loaded

5 g's sustained, 125 kts SLS, fully loaded

5 g's sustained, 125 kts SLS, fully loaded

The method listed in Reference 14, Chapter 5 was used to

determine the maneuvering load factors for the aircraft. The

input data was:

Z Weight, wing area, aspect ratio

* Dynamic pressure
Maximum trimmed lift coefficient

Drag polars

The results of the calculations are listed in Table 6.1.

6.5 Endurance

The endurance requirements stated in the mission

specifications for the Good, Bad and Ugly are:

Good:

Bad:

Ugly:

I hour at 5,000 ft

4 hours at 5,000 ft

2 hours at 5,000 ft

The input data are:

* Propeller efficiency
Average specific fuel consumption

* Beginning and final weights
* Lift coefficient

* Drag polars, density and wing area

The results are presented in Table 6.1.
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6.6 Military Climb Requirements

The following military climb requirements must be met by the

Good, Bad and Ugly aircraft:

I) RC > 500 fpm with one engine out, SL 95 F, and maximum

take-off weight

2) Climb _radient (CGR) > 0.005 at take-off speed,

Vto = 1.1Vstall(to).

The results are listed in Table 6.1.

6.7 Take-off and Landing Groundrun

The Good, Bad and Ugly are required to have the following

groundruns:

Good:
Bad:

Ugly:

2,000 ft, steel planking

1,200 ft, soft field

1,000 ft, soft field

The method of Reference 14 was used to estimate the take-off and

landing groundruns. The results of the calculations are listed

in Table 6.1.
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7. STABILITY AND CONTROL ANALYSIS

The purpose of this chapter is to present the aerodynamic

force and moment coefficients, the static (steady state)

stability criteria, and the dynamic stability and response

characteristics for the good airplane. These stability and
control characteristics are analyzed at eight flight conditions.

The airplane is considered to be a rigid body. The

computational work was performed on a spreadsheet. The stability
and control derivatives are calculated. The numerical values for

the calculated derivatives are presented in the Tables of
Appendix C. It is advised to read carefully the instructions of

Appendix C on 'HOW TO READ THE SPREADSHEET', so that necessary

information can be found quickly in the tables.

7.1 Basic Aerodynamic Parameters

The purpose of this section is to discuss the basic

aerodynamic parameters of the Good airplane which are needed in

the development of aerodynamic forces and moments.

7.1.1 Airfoil Parameters

The'airfoil used for the wing is the NACA 642A215 taken from

Reference 7. The horizontal and vertical tails use the NACA 641 -
012 airfoil section. The airfoil aerodynamic characteristics are

found in Reference 15, p. 217, Tables 8.1b & c. They are

presented in Table C.I of Appendix C.

7.1.2 Planform Parameters

The wing, horizontal tail, and vertical tails geometric

characteristics are shown in Chapter 4. The geometric dimensions

of the planforms are tabulated in Table C.1 of Appendix C.

7.1.3 Airplane Lift Curve Slope

The subsonic lift curve slopes for the wing, horizontal tail,

and vertical tail are calculated and corrected with the aspect

ratio correction factor K of Reference 13, Fig. 3.12, p.72. The

airplane lift curve slope variation with Mach number is tabulated

in Table C.3, Appendix C and is shown in Figure 7.6.

7.1.4 Downwash In The Wing Wake

The subsonic downwash behind the wing, at the horizontal tail,

is calculated using the method of Reference 16, Eqn.8.45, p.272.

It is shown as a function of Mach number in Figure 7.1.
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7.1.5 Airplane Aerodynamic Center Location

The airplane aerodynamic center location is calculated using

the method of Reference 16, Chapter 8. The fuselage is sectioned

into 13 sections as indicated by the method and the fuselage

contribution to aerodynamic center shift is computed. Also, one

tailboom is sectioned into 13 sections; sections 1 through 5

being zero in delta xi and wf(xi). The tailboom contribution to

aerodynamic center shift is computed. The computed contribution

for one tailboom is multiplied by 2. This is added to the

fuselage contribution.

The numerical values for the fuselage and tailbooms

contribution to the aerodynamic center location shift are

tabulated in Table C.3 of Appendix C. Figure 7.2 displays the

airplane aerodynamic center location shift variation with Mach

number. In the same figure, the wing-fuselage aerodynamic center

location shift is presented.

7.2 Stability And Control Analysis

The purpose of this Section is to present the stability and

control for the Good airplane. This section presents the

aerodynamic force and moment coefficients in graph format. The

airplane static and dynamic longitudinal stability is presented.

A trim diagram was constructed. The airplane dynamic directional

stabil_ty is presented.

7.2.1 Aerodynamic Force And Moment Coefficients

This sub-section presents the aerodynamic force and moment

coefficients for the Good airplane. Reference 16 is used to

compute the coefficients. Reference 13, Chapter 4 is used to

determine if the computed values fall within the recommended

ranges. The values used in the computation of the coefficients,

as well as the coefficient values, are tabulated in Tables C.1

through C.3 of Appendix C.

The coefficients are presented in Figures 7.3 through 7.31.

Table 7.1 lists the figure numbers, the equation numbers of

Reference 16 used in the computation, and the proposed ranges of

Reference 13.
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TABLE 7.1 Force and Moment Coefficients Figures, EquRti_ and
RsnEes.

FIGURE VARIABLE B_IATION (Ref. 13) RANGE IS WITHIN
SYHBOL _ (Ref. 16) lmROPOSED RANGE

7.3 C (5.2), p.128
D

(0.01 to 0.15), p. 122 YES

7.4 C (10.18), p.379
D
a

7.5 C (8.32), p.268
L

0

(0.00 to 2.00), p.122 YES

(-.05 to 0.20), p.128 YES

7.6 C (8.42), p.272
L

a

(1.00 to 8.00), p.128 YES

7.7 C (10.95), p.438
L

d
e

(0.00 to 0.60), p.129 YES

7.8 C (8.76) , p.320
m

O

(0.15 to -.15), p.135 YES

7.9 C (10.19), p.381
m

a

(-3.0 to +1.0), p.135 YES

7.10 C (10.96), p.438
m

d
e

(0.00 to -4.0), p.136 YES

7.11 C (10.33), p.389
1

B

(+0.1 to -0.4), p.146 YES

7.12 C
1
d
A

(10.108), p.446 (0.00 to +0.4), p. 149 YES

7.13 C
1
d
R

(i0.124), p.461 (-.04 to +.04), p. 151 YES
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7.1 Force and _k_mt Coefficim_ Figures, Eqoa_ a_t
I_, (cont.).

FIGURE VARIABLE EQUATION (Ref. 13) RANGE IS WITHIN
Nt_ SY_L Nl_ (Ref. 16) PROPOSED RA_

7.14 C (10.25), p.383 (-0.1 to -2.0), p. 151 YES

7.15 C

R

(10.123), p.461 (0.00 to 0.50), p. 155 YES

7.16 C
n

B

(10.40), p.397 (0.00 to 0.40), p.155 YES

7.17 C
n

d
R

(10.125), p.462 (0.00 to -.15), p.159

7.18 C
n

d
A

(10.114), p.448 (-.08 to +.08), p.160 YES

7.19 C
D

U

(I0.i0), p.376 (-.01 to +.30), p.177 YES

7.20 C
L
U

(10.11), p.376 (-.20 to +.60), p.177 YES

7.21 C
m

u

(10.12), p.377 (-.40 to +.60), p.181 YES

7.22 C
L.

a

(I0.22), p.381 (-5.0 to 15.0), p.185 YES

7.23 C
m,

a

(10.24), p.382 (0.00 to -10.), p.185 YES
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7.1 Force sad M_memt Coefficients Figures, Equatiors and PToposed

Ranges (cont.).

FIGURE VARIABLE EQUATION (Ref. 13) RANGE IS WITHIN

NUMBER SYMBOL NUMBER (Ref. 16) PROPOSED RANGE

7.24 C (10.69), p. 424
i
q

7.25 C (10.75), p.425
m

q

7.26 C (10.50), p.417
Y

P

7.27 C
I
P

(10.51), p.417

7.28 C (10.61), p.421
n
P

7.29 C (10.80), p.428
Y

r

(0.00 to +15.), p. 189 YES

(0.00 to -40.), p.189 YES

(-.30 to +.80), p.194 YES

(-.10 to -.80), p.198 YES

(-.50 to +.I0), p.200 YES

(0.00 to +1.2), p.202 YES

7.30 C (10.81), p.428
1

r

(0.00 to +.60), p.206 YES

7.31 C (10.86), p.432
n

r

(0.00 to -1.0), p.206 YES

All force and moment coefficients calculated and presented in

Figs. 7.3-7.31 are within Reference 13 proposed ranges. All

computed force and moment coefficients numerical values can be

seen in Table C.3 of Appendix C.

7.2.2 Static and Dynamic Longitudinal Stability

This sub-section presents the static and dynamic longitudinal

stability. It is demonstrated that the Good aircraft is

longitudinally stable (statically and dynamically), and that it

complies to MIL-F-8785C LEVEL 1 longitudinal flying qualities.

7.2.2.1 Static Longitudinal Stability

Reference 12, Section II.I, p.259 is used to prepare the X-

plot of Figure 7.32. There are six curves for the rate at which
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the aerodynamic center moves aft or forward with variation of

horizontal tail area and Mach number. Reference 12, Eqn. 11.1,

p.261 is used to generate the six curves. Two additional curves

represent the rate at which the center of gravity (most aft and

most forward) move aft or forward as a function of tail area.

From Figure 7.32 it can be seen that the Good airplane has an

adequate amount static margin with its horizontal tail area of

160 square feet.

7.2.2.2 Dynamic Longitudinal Stability

Using the force and moment coefficients calculated in Section

7.2.1, the longitudinal dimensional stability derivatives are

calculated for the Good airplane. The equations of Reference 13,

Table 6.3, p.413 are used for the computation. Appendix C,

Tables C.4.1 through C.4.7 tabulate the computed longitudinal

dimensional stability derivatives for eight flight conditions.

The eight flight conditions are the following:

1.) Take-off at sealevel (W = 39,508 ibs, V = 106 kts)

2.) Cruise #I at 5,000 ft (W = 39,508 ibs, V = 250 kts)

3.) Loiter at 5,000 ft (W = 39,508 ibs, V = 150 kts)

4.) Cruise #2 at 5,000 ft (W = 20,932 Ibs, V = 250 kts)

5.) Dash-in at 1,000 ft (W = 39,508 ibs, V = 350 kts)

6.) Maneuver at 1,000 ft (W = 30,220 ibs, V = 220 kts, n = 5)

7.) Dash-out at 1,000 ft (W = 20,932 ibs, V = 350 kts)

8.)-Landing at sealevel (W = 20,932 Ibs, V = 106 kts)

Body fixed moments and products of inertia for the Good

aircraft were calculated. The body fixed pitching moment of

inertia is required in the computation of some of the

longitudinal dimensional stability derivatives. The body fixed

rolling, pitching and yawing moments and the products of inertia

a gross take-off weight of 39,508 ibs, and empty operating weight

of 20,932 ibs are:

I = (42,279),(38,883)slugs.sqf I

XX

B

= (94,773),(80,854)slugs.sqf

YY
B

I =(102,181),(113,300)slug.sqf I = (7,806),(6,420) slugs.sqf

ZZ ZX

B B

The above values are verified with Reference 13, Figs. 2.3-

2.5, pp.19-21. Sub-section 7.2.4 discusses inertia

transformation from fixed body reference axis system to the

stability axes system.

The phugoid and short period modes were analyzed at 8 critical

flight conditions. Tables C.4.1 through C.4.7 of Appendix C

present the values calculated for the phugoid and short period

modes (undamped natural frequencies and damping ratios) for the

eight flight conditions. A summary of the phugoid and short

period modes is tabulated in Table 7.2. In the same table each

flight condition category and parameters are presented.

7O



Table 7.2 Longitudinal Flying Qualities

Variable _ Units Take-off Cruise Loiter Dash-in Maneuver Dash-out Landing

Weight: [lbs] 39,508 39,508 20,93Z 39,508 39,508 30,220 20,932 20,932
Speed: [kts] 106 250 250 150 350 220 350 106
Math number: 0.16 0.385 0.385 0.23 0.53 0.33 0.53 0.16

Altitude: [ft] 0 5_000 5,000 5,000 1,000 1,000 1,000 0
Load factor: 1 1 1 1 1 5 I 1

[ [sluga.lbs] 94,773 94,773 80,854 94,773 94,773 87,813 80,854
YY

80,854

OATEOORY C B 8 B A A A O

Phugoid mode damping ratio: Reference 13, Bqn.(6.113}, p.430; Reference 14, Se0.3.2.1.2, p.291.

zeta -0.336 0.202 0.391 0.088 0.304 1.417 0.576 -0.055
P

LEWL : I I I 1 1 I Z

Undamped short period natural frequency: Reference 13, Zqn.(8.101), p.41R; Reference 14, Fige.81-83,

p.291.

g

n

S.P,

[rad/sec] 1.557 3.595 3.501 Z.285 5.Z51 3.133 5.351 1.563

n/a [g's/rad] 3.565 23.06 43.51 8.370 57.08 ZO.15 lOT.7 8.845

LRVRL 1 1 1 1 1 1 I 1

Short period damping ratio: Reference 13, 8qn.(8.10P}, p.426; Reference 14, Table IV, p.292.

seta 0.827 0.906 1.235 0.819 1.116 1.053 1.451 1.093
S,P.

LE_L I I I i 1 I 2 I

I unstable

LEVEL 1 flying qualities are verified with the requirements of

MIL-F-8785C: military specification, flying qualities of piloted

airplanes. It is demonstrated that the Good airplane satisfies

the bIIL-F-8785C Level 1 longitudinal flying quality for all eight

flight conditions. The flying qualities are clearly adequate for

the mission phases of the eight flight conditions.

7.2.3 The Trim Diagram

The methods of References 16 and 17 are used to construct the

trim diagram. The flight conditions for which the trim diagram

is constructed are the following:
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I.) Gross Take-off weight: W = 39,508 ibs
TO

m

2. ) Most aft center of gravity location: x = 0.5567

cg
aft

3.) Most forward center of _ravity location: x = 0.4667

cg
fwd

4.) Elevator deflection an_le: d = + 30, - 30 degrees
e

5.) The lift curve slope is at M = 0.35.

6.) Planform areas: S = 890 sqf, S = 160 wsqf
h

7.) Aspect ratios: A = 8,

n

8.) x = 0.5117
ref

A =5.2

h

9.) Sealevel ISA condition.

i0.) Load factor: n = 1.0

Figure 7.33 presents the trim diagram for the above listed

airplane characteristics. On the fizure it can be seen that the

maximum airplane lift coefficient without elevator deflection is

1.36. The appropriate lift curve slopes with elevator

deflections are offseted by 0.2 for 30 degrees of deflection.

The pitch break is curved after consideration of the following
three criteria:

I.) From Reference 17, Figure 5.9, p.266 the Good airplane

wing (A=8, leading edge sweep an_le = 16 degrees) displays a

marginal to unstable pitch break. This is due to the combination

of relatively large aspect ratio and leading edge sweep angle.

2.) From Reference 17, Figure 5.10, p.267 the horizontal tail

of the Good airplane is located in Region 'C'. (The horizontal

tail moment arm / m._.c = 3.318, and the horizontal tail height /

m.g.c. = I). The horizontal tail will enter the wing wake only

when the latter is unstable. This is stated in Reference 17,

p.265.

3.) From Reference 17, Fig.5.11, p.267 there is recovery since

Ca remains negative with maximum elevator deflection (+30
degrees).

72



Taking into account the above three pitch break criteria, the

trim diagram is drawn with a startin_ unstable pitch break that

becomes stable shortly after. On Fig.7.33 the most aft and

forward center of gravity pitchin_ moments are graphedand it can

be seen that 30 degrees of elevator deflection is more than

enough to trim the airplane. Actually in the present flight

conditions an elevator deflection angle of I0 degrees is

adequate.

7.2.4 Dynamic Lateral-Directional Stability

The dynamic lateral-directional stability for the fighter

aircraft is analyzed. It is demonstrated that the Good aircraft

is dynamically directionally stable. The airplane does comply to

MIL-F-8785C LEVEL 1 lateral-directional flying qualities.

Using the force and moment coefficients calculated in Sub-

section 7.2.1, the lateral-directional dimensional stability

derivatives are calculated for the Good airplane. The equations

of Reference 13, Table 6.8, p.445 are used for the computation.

Tables C.4.1 through C.4.7 Appendix C tabulate the computed
lateral-directional dimensional stability derivatives values for

the eight flight conditions.

The moments of inertia (body-fixed reference system) are

transformed to the stability axes system, using Reference 13,

Eqn.(6.140), p.442. The moments of inertia I , I and I
are tabulated xx zz xz

S S S

in Table C.3 of Appendix C, and the moment of inertia ratios

A! (I /I ) and B! (I /I ) are presented in Tables C.4.1
XZ XX S XZ ZZ S

through C.4.7.

Eight flizht conditions are analyzed for the Dutch roll mode,

maximum roll mode constant, and spiral stability (minimum time to

double amplitude). Table 7.3 summarizes the lateral-directional

flying qualities.
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TABLE 7.3 Lateral-Directional Flying Qualities

Variable Units Take-off Cruise Loiter Dash-in Maneuver Dash-out Lauding

Weight: [lbs] 39,508 39,508 Z0,932 39,508 39,508 30,ZZO Z0,932 ZO,93Z
Speed: [kts] 106 250 ZSO 150 350 ZZO 350 106
gach nusber: 0.16 0.385 0.305 O.Z3 0.53 0.33 0.53 0.18

Altitude: [ft] 0 5,000 5,000 5,000 1,000 l,O00 1,000 0
Load factor: 1 1 1 1 I 5 1 1

CATEG017 C 8 8 B A A k

Dutch roll damping ratio: Reference 14, Eqn.(3.271, p.89; Reference 14, Table VI, p.Z97

seta 0.222 O.Z09 0.214 0.208 0.225 0.213 0.230 0.228
0

LEVEL I 1 1 I 1 2 i I

Dutch roll undasped natural frequency: Reference 14, Bqn.(3.26}, p.09; geference 14, Table VI, p.Z97

w [rad/sec] 1.917 4.667 4.365 Z.905 6.960 4.244 6.510 1.798
n

D

LEVEL 1 1 1 1 1 I 1
.... .............. ........... ....... ............. .... .... ........ .... ....... ....... .........

Reference 14, Table VI, p.Z97

seta w 0.425 0.977 0.934 0.604 1.565 0.905 1.490 0.411
On

0

LEVEL 1 I I I I i I
-.......... .......... ...... ........ . .... ............ ............. ....... ........ .... ....... .
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Table 7.3 Lateral-Directiorml Fl__ng Qualities

Variable Units Take-off Cruise Loiter Dash-in )laneuver Dash-out Landing

ieight: (lbs] 39,508 39,508 20,93Z 39,508 39,508 30,220 20,932 20,932
Speed: [kts] 106 250 Z50 150 350 220 350 106
Machnuber: 0.16 0.385 0.385 O.Z3 0.53 0.33 0.53 0.16
kltitude: [ft] 0 6,000 5,000 5,000 1,000 1,000 l,OOO 0
Load factor: l 1 1 1 l 5 1 1

CATEGORY C 8 8 8 A A A

Roll lode tiae constant: Reference 13, Bqn.16.1731, p.458; Reference 14, Table VII, p.297

T [sec] 0.168 0.064 0.059 0.112 0.034 0.061 0.031 0.156
R

LEVEL 1 1 1 I I 1 I I
.... ..... .................. ..... .... . ...... .............. ......... ........ .... ..............

Spiral stability - rise to double aaplitude: Reference I3, Eqn.(B6), p.543; Reference 14, Table VIII,

p.297

T [sec] 4.92 31.Z8 36.56 12.66 61.99 38.36 67.78 68.Z7
2

S

LEVEL " 3 I I 2 1 i I I

Except for the take-off and loiter time flight phases, the

aircraft is dynamically stable (lateral-directional). The Good

airplane satisfies the requirements of HIL-F-8785C.

The Good airplane does not satisfy level I flying qualities at

take-off and loiter flight conditions for the time-to-double

amplitude in the spiral mode. A method for 'equivalent stability

derivative' could be used to determine how much stability

augmentation is needed to achieve level 1 handling quality at

take-off and loiter in the spiral mode.

The time-to-double the amplitude in the spiral mode can be

modified by changing the dimensional stability derivative L .
C B

1

B

has a very powerful effect on the time-to-double the amplitude
T .

2s

For the take-off flight condition the time-to-double the

amplitude is 4.92 seconds. This is below the level 2 flight

category C requirement of Reference 14, Table VII p. 297. It is

desired to increase the time-to-double the amplitude to T = 12
2s
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sec. This can be done by raisin_ C from its basic value of -
0.041/rad to -0.246/tad. 1

B

The rolling moment due to sideslip angle can be increased
negatively by giving dihedral to the wing or with a stability
augmentation system.

7.3 Stability and Control Summary

The aerodynamic forces and moments coefficients for the Good

airplane were calculated and the results are presented. The
values for the coefficients over a Mach number envelope (0 to

0.55) are tabulated in Table C.3 of Appendix C. It is verified
that all the calculated coefficients are within the recommended

ranges of Reference 13, Chapter 4.

The static (steady state) stability criteria of Reference 13,

Chapter 5 are satisfied. The dynamic stability and response
characteristics are presented. The good airplane does satisfy

the MIL-F-8785C Level I requirements for longitudinal dynamic

stability. This is verified for the following eight flight

conditions:

I.) Take-off (at gross take-off weight, 0 ft)

2.) Cruise (at _ross take-off weight, 5,000 ft)

3.) Cruise (at operating empty weight, 5,000 ft)

4.)- Loiter (at _ross take-off weight, 5,000 ft)

5.) Dash-in (at gross take-off weight, 1,000 ft)

6.) Maneuver (at weight between W_ & W0_, 1,000 ft, n=5)
7.) Dash-out (at operating empty weight, 1,000 ft)

8.) Landing (at operating empty weight, 0 ft)

The trim diagram at gross take-off weight, sealevel and unit

load factor was constructed.

It was found that the Good airplane does comply to MIL-F-8785C

Level 1 flying qualities in all category flight phases and
classes for the dynamic lateral-directional stability (except for
take-off and loiter flight conditions).
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8. STRUCTURAL DESIGN OF THE GOODt BADt AND UGLY AIRCRAFT

This chapter presents the preliminary materials selection

and the structural design for the Good aircraft. The work

presented here was done for the Good airplane only because not

enough time was available to work on all three aircraft. Because

of the high degree of commonality between the Good, Bad, and

Ugly, the structural design for the Bad and Ugly would be similar

to what is shown here for the Good.

8.1 Materials Selection

The Good, Bad, and Ugly airplanes would not be built

until the mid 1990's, so it is assumed that advanced materials

will be more cost-effective then than they are now. Therefore,

these aircraft are designed to make extensive use of advanced

materials. The materials distribution in the Good, Bad, and Ugly

aircraft is as follows:

* ARALL (Aramid - Aluminum Laminate) is an advanced metal

material that can be formed into sheets (Reference 18). Its

laminate structure prevents its use in milled or extruded

structures, but works well in highly stressed skins. Therefore,

ARALL is used for most fuselage skins, wing and stabilized torque

box skins, and tail boom skins. ARALL is also used in the

inlets.

* 2024 Aluminum is inexpensive. In lightly loaded members, the

cost of an advanced material is not likely to justify the small

drop in weight. Therefore_ 2024 Aluminum is used in lightly

loaded internal frames and lonRerons, wing and empennage leading

edge skins and ribs, and for miscellaneous lightly loaded

structural components. Using 2024 Aluminum in wing and empennage

leading edges has the additional advantage of making them easier

to repair after a bird strike than if they had been made of

advanced materials.

* Metal Matrix Materials are metals that have non-metallic

fibers suspended throughout the material. A metal matrix

material is essentially a composite material with a metal used to

perform the role normally given to a resin. These materials can

be treated like a normal metal, but are much stronger and more

heat resistant. One such material is made by DURAL, and is

composed of Aluminum with 20% by weight Silicon Dioxide.

According to Reference 19, this material is 50% stiffer than the

parent aluminum and yields components that are 25% lighter than

similar components made with straight aluminum. For the Good,

Bad, and Ugly airplanes, this material will be based on 2024

aluminum. Reference 19 also indicates that this material can be

made more at a lower cost than other advanced materials because

it does not require special manufacturing procedures. Therefore,

this material will be used in the wing spars, stringers, and ribs

aft of the front spar, and in all heavily loaded fuselage, boom,

and empennage structure.
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* Carbon Fiber Composite materials are stiff and have high

strength/weight ratios, but they are expensive and difficult to

repair. Therefore, nonmetallic composites will be limited to

control surfaces, access panels, fairings, and landing gear
doors.

Aluminum Honeycomb is used in the leading edge snags on the

Good airplane, and in the portion of the vertical tail that is

immediately below the rudder. This provides crushable material

to protect the rudder if the pilot over rotates on take off or
landing.

Titanium is used in engine support frames, firewalls, and heat
shields. Titanium is also used as blast shields around the

portion of the wheel well that is close to the tires, and is used

for armor plating the cockpit tub.

* Steel is used for the landing gear struts, braces, and mounts,
and for all control cables.

* Fiberglass is used in wing tips, vertical tail/horizontal tail
joint fairings, and for the radome.

The tires and hoses are rubber.

The canopy is plexiglass.

Figure 8.1 shows the material distribution of the aircraft.

8.2. Structural Layout and Design of the Good, Bad, and Ugly
Aircraft

This chapter presents structural layout of the Good, Bad,

and Ugly aircraft. The structural design of these aircraft is

divided into three parts: I) the wing, 2) the fuselage, and 3)

the booms and empennage.

8.2.1 Structural Design of the Wing

The wing used in the Good, Bad, and Ugly aircraft is

designed so that the outer section of the good wing forms the

entire Ugly wing, and the outer two sections of the Good wing

forms the entire Bad wing. According to Reference 7, the wing

uses a NACA 64A-215 airfoil. The initial structural layout for

the wings was performed using the methods of Reference 17.

The wing was designed with synergism in mind. The

commonality demanded by the three aircraft's use of the wing

eliminates much of the wing's potential for synergistic weight

savings. The outer ejector rack attachment point for the good

aircraft was mounted to the outer joint rib of the Bad boom

mount. The need to remove portions of the flaps to allow

placement of booms and landing gear, and to allow mounting of

wing segments to various aircraft, required the flaps to be
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segmented. This is actually a benefit because high aspect ratio

wings are often subject to sufficient flexure to cause flap

binding if the flaps are not segmented.

Using Reference 17 as a guide, a rib spacing of 21 inches

was estimated. No stringer spacing was estimated, but a spacing

of 15 inches is being assumed for the detail drawings. The Good

wing has a very small taper ratio. To prevent tip stall, leading
edge snags are bolted on to the outer wings section. These snags

have their own structure, and are removed when the wing is used

on the Bad or Ugly airplanes. Figure 8.2 presents the overall

wing structural arrangement.

8.2.2 Fuselage Structural Layout

The f_selage was laid out using the step by step procedure

of Reference 17. The ejection seat is mounted to the nose gear,

and the gun is suspended from the barrel support ring and from

the firing block. The gun is mounted to the ammo drum mount as

well as to frames of its own. The engines, gear boxes, and

propellers are mounted to thickened frames. The forward engine

mount also functions as one of the wing torque box mounts.
Titanium firewalls are located between the engines and forward of

the front engine mounts. The exhaust ports are surrounded by a
titanium heat shield. The ammo drum is mounted to thickened

frames. The radar is mounted to a bulkhead forward of the

cockpit. The major cutouts in the fuselage are the nose wheel

well opening and the cockpit opening. These are strengthened by

using stiffened stringers and frames around the wheel well and

thickened skin around the canopy.

The forward fuselage was designed to be common between the

aircraft from the ammo drum mount forward. The gun fairing is

common to all aircraft and the aft fuselage is common on the Good

and Bad aircraft from the forward engine mount aft. The lower

portion of the first two frames will need to be removed to make

room for the torque box on the bad aircraft, however. The aft

fuselage of the Ugly airplane must house only one engine, and

thus cannot be made common with the other airplanes. In all

three airplanes, the entire upper and lower aft fuselage skins
are removable for engine access. The main loads of this section

are carried by spars in the center of each side of the aft

fuselage, and these spars bolt to the top of the wing torque box

at several wing spar locations.

Synergism can be improved by moving the forward ammo drum
mount two inches aft. This allows the aft ammo drum mount to

serve as the forward torque bow mount on the Good aircraft. This

was assumed in the drawings. The spacings chosen for the minor
frames and longerons are:

Frames: 14 inches

* Longerons: I0 inches

* Structural depth: 2 inches
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According to Reference 17, these numbers are typical for
fighter aircraft. Figures 8.3, 8.4, and 8.5 present the fuselage
structural layouts of the three aircraft.

8.2.3 Boom and Empennage Structural Layout

The boom and empennage structure were laid out in the same

manner as the win_ and fuselage. The landing gear is attached to

the wing and retracts into the boom, so the only major attachment

points on the boom are the landing gear actuator/drag brace, the

uplock, and the empennage attachment. The structure of the boom

is based on four heavy longitudinal members. Two of these

members run along the top of the boom. The outboard member

follows B.L.120, but the inboard member runs diagonally, allowing

for the taper of the boom. The other two members run flush

along the sides of the boom at the level of the rear spar of the

wing. The frames are spaced 14 inches apart, and are suspended

from these 4 beams. Longerons are spaced I0 inches apart. A cut

out is provided for main gear retraction, and the frames are

shaped to create a P shaped box over the gear. On the Good and

Bad aircraft, the empennage bolts on at F.S. 686.8, and on the
Ugly aircraft at F.S. 532.8. The Good and Bad aircraft use the

same booms, but the Ugly airplane has its own booms.

The empennage has spars at 20 and 69.5% chord, and the
bottom of the vertical tail is tailored to allow for 13 degrees

of rotation clearance. Fifteen degrees is standard, but this

could not be achieved with the existing gear. The main gear

should be lengthened if this is a problem. Sufficient room was

left in the boom for growth in this case. The top of the rudder
was angled to allow for elevator deflection when the rudders are

deflected. The four beams used in the booms were extended into

the empennage structure, and are attached by bolts to the boom

structure. Synergism is obtained in the following areas:

* The actuator/drag brace is mounted between the boom

spine beams.

* The spars on the vertical and horizontal tails are
connected.

The rudder is protected from over rotation by a section of

crushable structure below the upper boom beams beneath the

rudder. Figures 8.6 and 8.7 show the layout of the boom
structure.

8.3 Detailed Structural Layout of the Landing Gear and Boom
Attachments, Nose Section, and Horizontal Tail Extensions

This section presents the detailed structural layout of
several sections of the aircraft. None of the members shown in

this section have been sized, and therefore the thicknesses shown
in the drawings are not to scale.
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8.3.1 Boom and Main Gear Attachment

The landing gear is attached to the wine and retracts into

the boom, so the only major attachment points on the boom are the

landing gear actuator/drag brace, the uplock, and the empennage

attachment. The structure of the boom is based on four heavy

longitudinal members. Two of these members run alone the top of

the boom. The outboard member follows B.L.120, but the inboard

member runs diagonally, allowing for the taper of the boom. The

other two members run flush alone the sides of the boom at the

level of the rear spar of the winE. The frames are suspended

from these 4 beams. A cut-out is provided for main gear

retraction, and the frames are shaped to create a P shaped box

over the gear. This is similar to the arrangement suggested in

Reference 7. The suggestion of placing the gear beside the boom

could not be followed exactly because that design did not allow

for structural depth or landing gear strut thickness.

For the Good and Bad aircraft, the boom was designed to

fit the wing of the Good aircraft. This allows one boom to be

used for both aircraft. This also requires that adapters be

designed that will account for the smaller wing of the Bad

aircraft. Figures 8.8a-e show the layout design of boom and main

gear attachments for the Good and Bad aircraft.

The boom and main gear attachment design for the Good and

Bad aircraft has the following characteristics:

* The main boom structure attaches to the wing

at four points:

I. The side braces bolt onto the rear spar.

The bolts for this attachment point pass

through the rear spar, the splice plate, the

landing gear mounting bracket, and the side

brace flange. These bolts are in shear for

vertical loads, and in tension for

lon_itudinal loads. Alternate designs should

be considered that will place the bolts in

shear for all loads. The current design was

developed so that there will be no

projections aft of the rear spar when the

boom is removed. This simplifies the

conversion of the wing for use on different

aircraft.

2. The outboard upper brace forms a "Y" shape

at the aft end of the wing. This piece bolts

around the ribs at the wing segment joint

located at B.L.120. At the wing segment

joint, the standard ribs are replaced by ribs

that are extended above the upper surface of

the wing, thus providing an attachment

surface for the brace. The attachment bolts

are in shear for both vertical and

longitudinal loads.
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• The inboard upper brace bolts directly onto
a wing rib. This allows the same ribs to be

used when the boom is attached and when it is

not. This simplifies the conversion of the

outer two sections of the Good wing for use

as the Bad win_. However, the attachment

bolts are in tension for vertical loads, so

alternate arrangements should be studied.

The landing gear mounts are "L!' shaped, and

bolt onto the rear spar and splice plate. When
the outer sections of the Good wing are used

on other aircraft, a gap is left behind the

rear spar in the area previously occupied by

the boom. This _ap is filled with small

sections of flap, so provision must be made for
the attachment of skin to the spar caps. This

creates some sharp corners in the landing gear

mountin_ bracket, so alternate designs should

be considered. The mounting bolts are in

shear•

The joint ribs on the Bad aircraft are

extended aft and vertically to accept the Booms

as for the Good airplane. The other three

attachment points require adapter plates

between the braces and the rear spar. Like the

gear mounts, these adapter plates have many

sharp corners, so alternate designs should be
considered. These sharp corners exist for the

same reasons as the corners on the landing gear

mounts.

The booms used on the Ugly airplane are different from those

used on the Good and Bad aircraft, so the boom and gear

attachments for the Ugly airplane are treated separately.

Figures 8.9a-d show the detailed structural layout for the boom

and main gear attachments for the Ugly airplane. The boom used

for the Ugly airplane is smaller than that used on the Good and

Bad aircraft, so many of the components have slightly different

shape than those used on the Good and Bad aircraft. Otherwise,
the boom and main gear attachments for the Ugly aircraft differ

from those of the Good and Bad aircraft in the following ways:

* Since there is no wing segment joint on the

Ugly wing, no splice plates are used.

* Since the Ugly wing is not segmented, not

segment joints exist for the booms to attach
to. Thus the "Y" method used for the Good and

Bad aircraft cannot be used. Instead, the

direct bolt-on method used for the inboard upper
braces on the Good aircraft is used for both

upper braces on the Ugly airplane.
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The Ugly boom and main gear attachments suffer from the same

problems as those of the Good aircraft. Figure 8.9d also shows

the method used to attach the empennage section to the aft end of

the boom. The empennage structure bolts directly onto the boom

through mounting plates. The mounting bolts are in shear for

vertical loads, but are in tension for longitudinal loads.

Therefore, alternate designs should be examined.

8.3.2 Horizontal Tail Extension Attachment

Extensions to the horizontal tail are required on the Good
and Bad aircraft, but not on the Ugly aircraft. Since the

empennage is to be common between all three airplanes, these
extensions need to be removable. The elevator hinge line is at

the 70% chord point, but it is not known whether or not the
elevator needs to extend into the extension. It is assumed for

this section that the elevator will extend into the extension

along a constant chord line. This simplifies the analysis of

the performance of the stabilizer, but it complicates the

operation of the extended sections because this creates a swept

hinge line. With an unswept hinge, the elevator sections can be

connected together. With a swept hinge line on the extension,

the extended sections must be actuated by a mechanical linkage

that connects them to the permanent elevator section. This adds

weight and complexity, but simplifies lofting of the airfoil

sections of the extension by placing the hinge line at a common

chord point. Both of these options should be examined. Figures

8.10a-c present the detailed structural layout of the horizontal

tail extension attachment, includin_ a possible elevator
interconnect link. This design allows the extended elevator

sections to be actuated without any extra actuators. Structural

provision has also been made for a mechanical rudder interconnect
link. This link allows the actuators of either rudder to actuate

both rudders in the event of a failure. If an actuator jams,

this may prevent either rudder from operating, so this system

should be designed so that the working actuator can either

overpower the failed actuator, or disengage the link.

As designed, the extensions bolt onto the horizontal

stabilizer at the spar caps. The mechanical elevator

interconnect link is separated into two parts: One part is

permanently attached to the main stabilizer, and the other part

is permanently attached to the extension. A collar attached to

the main stabilizer system connects the two parts when the
extension is attached. When the extension is removed, the

extended spar caps (a permanent part of the main stabilizer and
vertical tail assembly) are covered with a bullet faring. When

the elevator interconnect link is designed, care should be taken

that the collar neither pierces the fairings nor falls through
the cutout in the end rib at full elevator deflection. Since the

linkage is not removed when the extension is removed, the linkage
will continue to move as the elevator

is deflected.
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Figure 8.10c: Stabilizer extension joint front view•
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8.3.3 Nose Section Detailed Structural Layout

The nose section is common to all aircraft and contains the

cockpit, gun, radar, and nose gear. The landing gear is

installed off center to allow the gun to be mounted on the center

line of the airplane. To allow the nose wheel to retract without

striking the gun, the gun is installed at an angle that places

the firing barrel parallel to the wheel well and on the

centerline of the airplane. The firing barrel is thus the

closest barrel to the wheel well. The gun is placed so that

center of the firing barrel is one inch below the lower surface

of the fuselage. The nose gear mounts attach to the bottom of

the cockpit and to stiffened fuselage frames. The ejection seat

launch rail extends below the cockpit floor and helps support the

gun, but this extension may not be necessary since the structure

in this area is already very strong. This should be examined.

Figures 8.11a-b show the nose section detailed structural layout.

8.4 Wing Component Sizing

The sizing of the wing skins, spars, and ribs has not been

completed. The methods of Reference 20 were used to size the

wing components for the Good airplane. Since the Good airplane

has the highest wing loadin_ of the three aircraft, the sizes

determined by this method will be conservative for the other

aircraft. An angle of attack of 12 degrees was chosen, and a

speed of 558 fps was used. These values were chosen because they

represent unstalled wing performance at ultimate load conditions.

Since only one flight condition is being checked, a 15% safety

factor has been included in all calculations. To accurately size

the wing members all corners of the flight envelope should be

investigated. For these calculations, the chosen flight

condition is between the upper corners of the flight envelope.

The following work was performed in the sizing of the wing

components:

* The air loads were converted to normal,

axial, bending moment, and torsional moment
loads.

* Zero lift drag was approximated using the

methods of Reference 16, and has been included

in the loads calculations.

The airfoil section was defined and a

coordinate system established.

The locations of all structural components were
established.

* Wing section moments of inertia were

calculated about the assumed wing elastic axis

location. These moments of inertia are

functions of the sizes of the structural

members.

Sizing the members was accomplished be treating each load

separately and adding the results. Sizing was at wing stations
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360, 240, and 42 because these stations coincide with the wing

section joints and the main wing root. These results were

linearized to size all of the members of the winE. The completed

work can be found in Appendix D.

The structure of the wing consists of ribs, spars, spar

caps, skins, and stringers. Stringer areas were allowed to vary

to minimize structural weight. Table 8.1 presents a summary of

the stringer and spar cap locations for a typical airfoil
section.

Table 8.1: Stringer and Spar Cap Locations for a Typical

Airfoil Section (Coordinate system shown below)

Note: The origin is at the elastic axis.

Component X coordinate

(chord fraction)

Z coordinate

(chord fraction)

A .250 .067

B .250 -.051

C -.245 .045

D -.245 -.025

a .150 .082

b .050 .084

c -.050 .078

d -.150 .065

e .150 -.062

f .050 -.063

g -.050 -.056
h -.150 -.044

wB e o

_y

Table 8.2 presents the loads on the wing for 12 degrees

angle of attack, 558 fps, Sea Level standard conditions.

Table 8.2: Air loads on the Wing. a= 12 deg, V : 558 ft/s,
Sea Level

Load Value at:

B.L. 360 B.L. 240 B.L. 42

Mx (ft.lb) 160,000 660,000 2,500,329

Mz (ft.lb) -22,500 -99,000 -380,000

My (ft.lb) 210,000 370,000 390,000

Fz (ib) 32,000 74,000 150,000

Fx (ib) 36,000 86,000 174,000
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The structural members of the wing were sized with the

methods of Reference 20, with an additional safety factor of 15%

to account for other critical flight conditions that were not

checked. The work performed to size the structural members may

be found in Appendix D. Tables 8.3 - 8.5 show the results of the

wing component sizing.

Table 8.3: Spar Cap and Stringer Sizing Results

Item Cross-Sectional Area (sq. in.)
Root B.L.240 B.L.360 B.L.501

A 4.04 1.56 0.46 0.16

B 2.49 0.96 0.29 0.I0

C 2.27 0.88 0.25 0.09
D 1.61 0.62 0.19 0.06
a 4.77 1.84 0.53 0.18
b 4.76 1.84 0.53 0.18
c 4.37 1.69 0.49 0.17

d 3.51 1.35 0.40 0.14

e 3.20 1.23 0.23 0.12

f 3.35 1.31 0.37 0.13

g 3.05 1.17 0.35 0.12
h 2.52 .97 0.28 0.10

Material used: 2024 Aluminum + 20% SiO2 extrusion.

Table 8.4: Wing Skin, Spar, and Rib Thicknesses.

Item Thickness (inches)
ROOT B.L.240 B.L.360

Front Spar 0.940 0.680 0.370
Rear Spar 0.940 0.680 0.370
Top Skin 0.040 0.040 0.030
Bottom Skin 0.040 0.040 0.030
Ribs 0.040 0.040 0.030

Spars and ribs use 2024 Aluminum + 20% SiO2 extrusions and

stampings, while skins use ARALL. These materials have similar

properties, but ARALL is stiffer.

Table 8.5: Wing Moments of Inertia.

Section Moment of Inertia (in^4)

ROOT B.L.240 B.L.360 B.L.501

Ix 6,300 1,200 230 25

Iy I,I00 200 39 4
Iz 69,000 9,200 2,200 200

Ixz 45,000 8,800 1,900 190
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8.5 Flutter Analysis of the Win_

Because of the large wing span of the Good aircraft, a

flutter analysis was performed. The purpose of the analysis was

to determine the flutter speed of the wing. When the wing is

moving forward at some constant velocity and it is suddenly

disturbed, the subsequent motion may be such that the amplitudes

of vibration tend to decrease, stay constant, or increase. The

speed at which the amplitudes of vibration tend to remain

constant is called the critical flutter speed (Reference 21). At

speeds higher than this critical speed, the amplitudes will

diverge and may cause the wing to destruct. The critical flutter

speed must be at least 1.4 times the maximum dive speed.

The methods and calculations for this analysis are shown in

Appendix D. The results of the analysis are that the critical

flutter speed is greater than 4935 knots and less than 1817

knots. This result is nonsense, meaning one or more mistakes

were made in the analysis. The possible mistakes are:

I)

z)

3)

4)

The structural damping term was omitted. This term is

usually small compared to the others and its effect
would be small.

The system was assumed to be quasi-steady state. That

is, the aerodynamic forces were assumed to occur

instantaneous with wing deflection. The Kussner-Wagner

functions should have been checked.

The bending and torsional deflection mode shapes were

for a uniform, constant cross-section beam. The wing

is tapered, thus this assumption is bad.

Others, that through inexperience, are there but not

known.
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9. SYSTEMS

The purpose of this chapter is to present the systems layout

for the Good, the Bad, and the Ugly aircraft. Because of the

high degree of commonality between the three aircraft's systems,

ghost views showing the systems are only shown for the Good

aircraft. The system components were chosen by first reviewing

the mission specifications to determine what the aircraft were to

do and second, by observing the systems of aircraft with similar

missions.

The flight control system is shown in Section 9.1. The

hydraulic and electrical systems are shown in Sections 9.2 and

9.3, respectively. Section 9.4 shows the fuel system. The

environmental control and anti-ice system are shown in

Section 9.5 and the internal armament and avionics are shown in

Section 9.6.

9.1 Flight Control System

The lateral, directional, and longitudinal flight control

system layouts are shown in Figures 9.1 through 9.3,

respectively. The flight control system has double redundant

signal paths to hydraulic actuators for the longitudinal,

lateral, and directional flight control surfaces. The hydraulic

actuators are single redundant. The redundancy in the actuators

is obtained by separating the control surfaces. The elevator,

rudders, and ailerons are split into two separate surfaces, each

having its own hydraulic actuator. This single redundant

actuator is then powered by two independent hydraulic systems

(see Section 9.2). The idea is that if one surface becomes

inactive - i.e. combat damage to the surface, actuator, signal

path, or hydraulic line - the other surface would be able to

provide adequate control power. Adequate, however, does not mean

Level 1 handling quality. It may be the case that losing two of

the four rudder surfaces drops the handing qualities to Level 2

or 3. This, however, could be acceptable for a military aircraft

that only needs to get back to its base. Another added benefit

of this flight control system is that the hydraulic actuator

could all be the same size. To do this, the control surfaces

must be split such that the aerodynamic loads on each surface are

within the same range. This level of detail design was not done

for these aircraft. The control surfaces then were split into

two sections to illustrate the concept.

The sizing of the actuators could not be done due to the

lack of detail design in the following two areas: I) actuator to

surface installation and 2) hinge moment derivative calculations.

If more detail design had been done in these two areas, then the

actuator piston area, the control surface deflection rate, and

the hydraulic fluid flow rate could have been calculated.

Reference 22 outlines six major design problems involved

with an irreversible system (of which a fly-by-wire system
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belongs). They are:

I) Complexity

2) Reliability

3) Redundancy

4) Cost

5) Accessibility for repairs

6) Susceptibility to lightning strike

Reference 22 also points out three major advantages of an

irreversible flight control system:

i) Flexibility in combining pilot control commands with
automatic control commands

2) Ability to tailor handling qualities

3) Potential weight savings

Another advantage of the fly-by-wire systems for these three
aircraft is derived from commonality considerations. Commonality

is increased by laying wires in the airframe as opposed to detail

designing three separate mechanical systems for the three
aircraft.

The flight control system layouts of the Bad and Ugly

aircraft are identical to the Good's, the only difference is the

amount of actuators required for the lateral control system.

9.2 Hydraulic System

The hydraulic system for the Good is shown in Figure 9.4.

The hydraulic system consists of two independent systems (System

A and B) operating at 3,000 psi pressure with a flow rate between

20-50 U.S. gallons/minute. The system pressure value was

estimated by observing what is used for similar aircraft

(aircraft data from Reference 8). The hydraulic fluid flow rate

also had to be estimated this way because of the reasons already
discussed in Section 9.1.

Hydraulic power is used for the following:

power for the fliEht control system actuators
main and nose gear steering, breaking, and retraction

power for the internal _un

Two independent hydraulic systems are used to have
redundancy in the flight control system. System A and B both

supply power to every control surface actuator. The hydraulic

lines were separated as much as possible to avoid loss of both

systems due to combat damage in one area of the aircraft.

The Good and Bad use two engine driven hydraulic pumps. The

Ugly, because it only has one engine, uses on engine driven pump

and one electric driven pump. The only other difference between
the aircraft is the hydraulic fluid flow rate. The flow rates

are less for the Bad and the U_ly.
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9.3 Electrical Systems

The electrical system for the Good is shown in Figure 9.5.

The electrical system consists of two engine driven generators to

derive AC power. The generator power varies between 30-50 KVA

depending on the aircraft (the U_ly needing the least and the

Good the most power). A detailed power analysis was not done

because of lack of information available on the power

requirements of the aircraft's electrical system components.

However, with more time and research (research such as talking to

industry personnel), the analysis could have been done. A

transformer/rectifier is used to _et DC power for the aircraft

systems requiring electrical power. Electrical power is required

for the following:

* Internal and external lights

Avionic and cockpit instrumentation

* Internal gun firing

Backup electrical power is supplied by a ram air turbine

(RAT) which, stored in the port boom, drops in the freestream air

in the case of main electrical generator failure.

9.4 Fuel System

The fuel system for the Good is shown in Figure 9.6. The

fuel i§ stored in self-sealin_, tear resistant, foam protected

tanks. As much fuel as possible was placed in the fuselage for

combat damage considerations. The fuel system consists of fuel

pumps, fuel sumps, and a fuel vent system. The system also

allows for single point re-fuellin_ on the underside of the port

wing. The fuel system layout is identical for the Bad and Ugly

airplanes except for the amount of fuel required.

The placement of the fuel jettison is pending upon further
research. The probe is behind the engine inlets but is forward

of the exhaust. The exhaust is on the top of the fuselage while

the jettison probe is on the bottom. A problem may still exist,

however, with the fuel vapor being carried by the pressure field

about the fuselage into the exhaust stream. To properly locate

the probe, a three dimensional flow analysis followed by a wind
tunnel smoke test should be done.

9.5 Environmental and Anti-Ice System

The environmental control and anti-ice system for the Good

airplane is shown in Figure 9.7. The environmental control

system consists of air conditionin_ for the crew station and the

avionics bays. The air conditioning is run from freestream air

which is routed through a heat exchanger. The anti-ice system is

an air heated spray tube system. Hot bleed air from the engines

is piped through spray tubes in the leading edges of the wing,

empennage, and engine inlets during known or suspected icing
conditions.
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The air conditioning system is required for all three

aircraft. Only the Good aircraft, because of its all weather

requirement, needs an anti-ice system.

9.6 Internal Armament and Avionics

The internal armament and avionic system layout for the Good

is shown in Figure 9.8. The internal armament consists of the

GAU-13/A four barrel Gatling gun, its 1200 round ammunition drum,

and the passive ECM (chaff/flare) dispensers. The avionics shown

consists of the attack radar, mission computer, and the heads-up

display. The remaining avionic components are not shown for the

sake of clarity. The remaining avionic components are located in

two bays. One is directly above the mission computer behind the

cockpit instrument panel. The second bay is directly behind the

pilot, between the ejection seat and the ammunition drum.

The internal armament arrangement is the same for the Bad

and Ugly airplanes except for the size of the ammunition drum

(400 rounds instead of 1200). The avionics layout is the same

for each aircraft except that the Ugly does not have an attack

radar.
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10. LIFE CYCLE COST

The purpose of this chapter is to present the results of the

life cycle costs analysis of the Good, Bad, and Ugly aircraft.

The effects of the commonality on the cost of the aircraft is

also presented.

The method used to calculate the life cycle costs and the

life cycle estimation results are _iven in Section 10.1. The

development, test and evaluation, and acquisition costs are

presented in Section 10.1.1. Section 10.1.2 presents the

operations and support cost. The effects of commonality on the

aircraft costs are shown in Section 10.2.

I0.I Life Cycle Cost Method and Results

The cost estimating method used for the Good, Bad, and Ugly

aircraft was taken from Reference 23. This method presents

aircraft cost as life cycle cost. The life cycle cost of an

aircraft is the total cost required to take the aircraft from its

initial conceptual design to retirin_ it from the fleet. The

life cycle cost includes the following phases:

* Research

* Development, Test and Evaluation (DT&E)

* Acquisition (Production)

* Operations and Support

The research phase involves the basic costs required to

develop those technologies that are essential to the success of

the aircraft. This phase may include technology demonstrator

aircraft an testbeds.

The development, test and evaluation cost is that cost

needed for engineering work and aircraft development prior to

production of and aircraft. The cost elements within DT&E are:

* Airframe engineerin_

* Development support

* Flight test aircraft

- Engine and avionics

- Manufacturing labor

- Tooling

- Quality control

* Fli_ht test operations

* Profit

The primary element of acquisition cost is production.

Secondary elements of acquisition cost are ground equipment,

initial spares, and training aids for the aircraft. The cost

elements within acquisition costs are:

* Engine and avionics
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* Manufacturing labor

* Manufacturing material

* Airframe engineering (sustaining)

* Tooling

* Quality control
* Profit

Equations (called cost estimating relationships) are given in
Reference 23 for each of these elements.

The cost elements within operations and support are the

following:
* Fuel

Maintenance

* Aircrew

* Other

- Indirect

- Spares

- Depot
- Miscellaneous

Figures I0.I through 10.3, respectively, show the life cycle

cost estimates of the Good, the Bad, and the Ugly aircraft.

Table I0.I shows the dollar values of the life cycle costs. The

life cycle cost is based on a fleet of I00 aircraft with a 20

year operating cost. (The DT&E and production cost is based on

the unit cost obtained by producin_ 500 aircraft and the

resulting number was multiplied by 1/5 to get the cost of I00

aircraft).

Table 10.1 Life Cycle Costs of the Good, Bad, and Ugly

(millions of 1989 dollars)

Note: Based on fleet size of I00 aircraft, operating

for 20 years at 300 flight hours/year.

Total DT&E Total Production Operating

Good 26.2 1,074.2 826.4

Bad 16.5 711.1 622.6

Ugly 8.2 290.3 556.9
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I0.I.I Development, Test and Evaluation and Acquisition Costs

There are six variables in the cost estimating method used

which have a large effect on the unit cost of the aircraft.

These six variables are:

I) AMPR Weight

2) Quantity of aircraft produced

3) Maximum speed at best altitude

4) Engine cost estimate

5) Avionics cost estimate

6) Labor rates

I) AMPR Weight - The AMPR (Aeronautical Manufacturers Planning

Report) weight is defined as the empty weight of the aircraft

less I) wheels, brakes, tires, and tubes, 2) engines, 3) starter,

4) cooling fluid, 5) rubber or nylon fuel cells, 6) instruments,

7) batteries and electrical equipment, 8) electronic and avionic

equipment, 9) armament and fire-control system, I0) air

conditioning units and fluid, 11) auxiliary power unit, and 12)

trapped fuel and oil. The weight and balance statements of
Reference 7 were used to calculate the AMPR weight. These

calculations are shown in Appendix E and the results are given in
Table 10.2.
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Table 10.2 Input for th@ DT&E and Acquisition Costs

Good Bad Ugly

Take-off Weight

Empty Weight

AMPR Weight

AMPR/Empty

39,608 21,833 I0,663

20,609 12,375 6,965

12,283 7,377 3,809
0.60 0.60 0.55

Engine SHP

# of Engines

Engine Cost

6000 2500 2500

2 2 1

1,800,000 800,000 800,000

Maximum Speed

Production Quantity

Production Rate

(per month)

Flight Test Quantity

Flight Test Rate

(per month)

Good, Bad, and Ugly

350 kts

Variable

Variable

Labor Rates:

Airframe Engineering

Tooling

Manufacturing

$ 48.3 per hour
$ 34.6 per hour

$ 26.9 per hour

Avionics

(cost per system)

Good $3,148,345
Bad $3,148,345

Ugly $948,345

142



2) Quantity produced - The quantity of aircraft produced is

usually dependent upon the fiscal policy and the economic outlook

of a country. The results of the unit costs are therefore shown

for a range of quantity produced, from 250 to 1000 units.

3) Maximum speed - The maximum speed at best altitude is 350 kts

for each aircraft according to the mission specifications of
Reference 7.

4) Engine cost - Accurate engine cost estimates are crucial to

the aircraft unit cost estimate. Reference 24 was used to get

the engine cost for the Good aircraft. The Bad and Ugly engine

cost were obtained from Reference 25. The data from these

references was plotted and is shown in Figures 10.4 and 10.5.

The derivations of the engine costs are shown in Appendix E and

the results are given in Table 10.2.

5) Avionics cost - A list of avionic components required for the
three aircraft was taken from Reference 7. The cost of these

components was first estimated with the help of Reference 26 and

27. The cost estimate was revised using the results of

Reference 28. The avionic cost estimation procedure is shown in

Appendix E and the results are given in Table 10.2.

6) Labor rates - The labor rates used in the cost model are

airframe engineering, tooling, and manufacturing rates. The

labor rates were estimated with the help of Figure 10.6 and

Reference 23. The 1974 labor rates were taken from Reference 23

and multiplied by the ratio of 1989 to 1974 prices to get the

1989 labor rates. Figure 10.6 was derived using Reference 29 and

30. The 1989 labor rates are shown in Table 10.2.

The results of the DT&E and Acquisition cost estimation are

shown in Table 10.3 through 10.5, respectively, for the Good,

Bad, and Ugly. These tables show the results of the spreadsheets

used to calculate the costs. The entire spreadsheet for each

aircraft is shown in Appendix E along with a sample calculation,

given to verify the spreadsheets. The results shown in Tables

10.3 through 10.5 show the unit cost when 500 aircraft are

produced. Figure 10.7 through 10.9, respectively, shown the unit

cost of the Good, Bad, and Ugly aircraft as a function of the

quantity produced. Note: all quantities are produced within five

years.
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T ble 10.3 DT&E and Acquisition Costs for the Good

ICost in millions of 1989 dollars)

Total DT&E Cost

Airframe Enzineering ...............

Development Support ................

Flizht Test Aircraft ...............

Engines & Avionics ...... 24.7

Manufacturing Labor ..... 29.5

Material & Equipment .... 4.0

Toolin_ ................. 32.2

Quality Control ......... 3.8

Fli_ht Test Operations .............. 1.7

Subtotal 119.0

Profit (I0 percent of Subtotal) 11.9

Total DT&E Cost 130.9

. 18.3

. 4.8

• 94.2

Total Production and Unit Cost

Engine and Avionics ................. 4113.1

Manufacturin_ Labor ................. 401.3

Material and Equipment .............. 227.9

Sustainin_ Engineering .............. 28.4

Toolin_ ............................. 59.8

Quality Control ..................... 52.2

Subtotal 4882.8

Profit (10 percent of Subtotal) 488.3

Total Production Cost 5371.1

With the RDT&E cost to be spread out over 500.0 aircraft

the selling price is increased by 0.3 million per a/c.

The 1989 unit cost (at 500.0 units) is:

5371.1 / 500.0 + 0.3 = II.00
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Table 10.4 DT&E and Acquisition Costs for the Bad
(Cost in millions of 1989 dollars)

Total DT&E Cost

Airframe Engineering ...............

Development Support ................
Flight Test Aircraft ...............

Engines & Avionics ...... II.i

Manufacturing Labor ..... 20.2

Material & Equipment .... 2.8

Tooling ................. 1.8

Quality Control ......... 2.6

Flight ...

2

Test Operations ..........

. 12.2
• 3.1

. 58.6

. 0.9

Subtotal 74.9

Profit (I0 percent of Subtotal) 7.5

Total DT&E Cost 82.4

Total Production and Unit Cost

Engine and Avionics ................. 2701.5

Manufacturing Labor ................. 275.2

Material and Equipment .............. 160.4

Sustainin_ Engineering .............. 19.0

Toolin_ ............................. 40.5

Quality Control ..................... 35.8

Subtotal 3232.4

Profit (I0 percent of Subtotal) 323.2

Total Production Cost 3555.7

With the RDT&E cost to be spread out over 500.0 aircraft

the selling price is increased by 0.2 million per a/c.

The 1989 unit cost (at 500.0 units) is:

3555.7 / 500.0 + 0.2 = 7.28
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Table 10.5
, i

DT&E and Acquisition Costs for the

(Cost in millions of 1989 dollars)

UglT

Total DT&E Cost

Airframe Engineering ................

Development Support .................

Flight Test Aircraft ................
Engines & Avionics ...... 4.5

Manufacturing Labor ..... 10.6

Material & Equipment .... 1.5
Tooling ................. 11.2

Quality Control ......... 1.4

Flight Test Operations ..............

Subtotal

Profit (I0 percent of Subtotal)

Total DT&E Cost

6.1
1.4

29.3

0.3

37.2

3.7

40.9

Total Production and Unit Cost

Engine and Avionics .................

Manufacturing Labor .................

Material and Equipment ..............

Sustaining Engineering ..............

Tooling .............................

Quality Control .....................

1037.9

144.5
88.1

9.5

20.8
18.8

Subtotal 1319.6

Profit (I0 percent of Subtotal) 132.0

Total Production Cost 1451.5

With the RDT&E cost to be spread out over 500.0 aircraft

the selling price is increased by 0.I million per a/c.

The 1989 unit cost (at 500.0 units) is:

14.51.5 / 500.0 + 0.1 : 2.98
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10.1.2 Operations and Support Cost

Reference 23 gives a method for calculating the fuel,

maintenance, and aircrew yearly operating costs. The method for

calculating the other yearly operating costs was derived using

Figure 10.10 (taken from Reference 23). The derivations are

shown in Appendix E along with a sample calculation to verify the

operations and support spreadsheet. The spreadsheet, Table 10.6,

shows the results of the operating and support cost estimation.

Table 10.6 Operations and Support Costs for the Good. Bad. and

Ugly Airplanes

$$$$Z

Input

$$ZZ_

Fleet Size = 100

Fuel:

Crew:

Maint.:

Engine BSFC at cruise :

Engine SHP at Cruise =

Fuel Cost/Gallon =

Fuel Density (JP-4) =

Aircrew Cost/Hour =

Crew FliRht Hours/Year =

Crew Ratio =

Flight Hours/Aircraft =

MMH/FH =

Maint. Cost/Hour =

Good Bad Ugly

0.38 0.38 0.38

5100 2000 1000

0.85 0.85 0.85

6.55 6.55 6.55

26.06 26.06 26.06

500 500 500

I.I I.I I.I

300 300 300

10 10 I0

32.06 32.06 32.06

Cost Estimation

(per year per aircraft)

Fuel Cost

Crew Cost

Maintenance Cost

Other Cost

Good Bad Ugly

75449 29588 14794

14333 14333 14333

96180 96180 96180

227245 171203 153125

Cost/Year/Aircraft

Fleet Cost/Year

413207 311304 278432

41320724 31130394 27843191
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10.2 Effects of Commonality

The effects of commonality on the cost of the Good, the Bad,

and the Ugly were studied for the DT&E and Acquisition cost. The

method used was based on determining a common weight among the

three aircraft. Appendix E explains the method used.

The results of the commonality study are shown in Figures

I0.II through 10.13. These figures show the non commonality and

commonality cost for each aircraft as a function of the quantity

produced. Figure 10.14 shows the cost savings for each aircraft

also as a function of the quantity produced. The cost savings
incurred by having common aircraft were not as favorable as

desired. The results, however, may be due to the method used to

calculate the effects of commonality. A much more detailed cost

analysis should be done before any definite conclusion can be

made about the cost savings due to commonality.
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11. COST AND PERFORMANCE COMPARISON

The purpose of this chapter is to compare the cost and

performance of the Good, Bad and Ugly airplanes to that of other

aircraft with similar mission profiles.

11.1 Performance Comparison

The following aircraft were selected to establish a comparison

between the Good, Bad and Ugly and aircraft currently in service:

I) Fairchild Republic A-10

2) FAMA IA 58 Pucara

3) Sukhoi Su-25 Frogfoot

4) AMX

5) Douglas A-I Skyraider

6) Piper PA/48 Enforcer

7) McDonnell Douglas AH-64 Apache

The Apache helicopter was included in this list as a point of

reference of the capability of helicopters and because its

mission profile is similar to that of the Bad airplane. The

results are listed in Table 11.1. The armament and payload

carrying capability comparison are presented separately in
Section 11.1.1. Figures 11.1 through 11.7 show the three-views

of the-airplanes listed above. Section 11.1.2 discusses the

results of the comparison between the Good, Bad and Ugly and
other aircraft with similar missions.

11.1.1 Armament Comparison

1) Good

* One internal GAU-13/A 30mm Gatling Gun

* Total payload of I0,000 ibs including 1,200 rounds of

anti-armor shells, laser and infrared guided weapons,

free-fall munitions, and rocket pods.

2) Bad

* One internal GAU-13/A 30mm Gatling Gun

* Total payload of 4,100 ibs, including 400 rounds of anti-

armor shells, laser and infrared guided weapons, free-fall

munitions and rocket pods.

3) Ugly

* One internal GAU-13/A 30mm Gatling Gun

* Total payload of 2,000 ibs, including 400 rounds of anti-

armor shells, free-fall munitions and rocket pods.
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Figure II.I Fairchild Republic A-IO

Figure 11.2 FAMA IA 58 Pucara
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Figure 11.3 Sukhoi Su-25 Frogfoot
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Figure 11.4 AMX

Figure 11.5 Piper PA/48 Enforcer
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Figure 11.6 Douglas A-1Skyraider

Figure 11.7 McDonnell Douglas AH-64
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4) A-10

* One GAU-8/A 30mm Gatling Gun

* Total payload of 14,638 ibs, including 1,174 rounds of

ammunition, laser and infrared guided weapons, and free-
fall munitions.

5) Pucara

* Two 20 mm Hispano DCA-804 cannon, with 270 rounds, four

7.62mm Browning M2-30 machine guns with 900 rounds

* Total external load of 3,307 Ibs including rocket pods,

bombs, mines and torpedoes.

6) Frogfoot

* One twin barrel 30 mm gun

* An estimated total payload of 9,920 ibs of air-to-ground

weapons, and two air-to-air self-defense missiles.

7) AMX

* One M61AI 20 mm cannon with 350 rounds

* A total external load of 8,377 Ibs including free-fall

bombs, air-to-ground missiles, and rocket launchers.

8) A-lSkyraider

* Four 20 mm cannon in wings with 800 rounds

* A total external load of 9,000 ibs, including torpedo,

bombs and rocket launchers.

9) Piper Enforcer

* Two GAU 5/A 30 mm gun pods with 350 rds/gun

* Up to 5,680 ibs of external weapons including free fall
munitions and rocket launchers.

I0) Apache

* One M230 Chain 30 mm cannon with 1,200 rounds.

* A total of 1,700 ib of external stores including rockets

and air-to-_round missiles.

11.1.2 Summary of Performance and Payload Comparison

i) Good. Aircraft that have similar missions to the Good are the

A-10, the AMX, and the Frogfoot. The Good compares favorably to
all, as shown in Table ii.I. Although slower than the Frogfoot

158



and the AMX, the Good has twice the combat radius of both the A-

10 and Frogfoot. Furthermore, it has similar endurance to the A-

I0 while having half the take-off and landing groundrun. In

terms of armament, the Good and A-10 have similar cannons and

carry approximately the same amount of ammunition. The cannon on

the Frogfoot is believed to be less capable. The A-10 carries

5,000 Ibs of payload more than the Good and Frogfoot.

2) Bad. The A-1 and Pucara have similar mission profiles to the

Bad airplane. The Bad has a 10% higher maximum speed than the

Pucara and a 30% higher speed than the A-1. The combat radii for

the Bad and Pucara are in the 170-190 nm range while the A-1 has

a substantially higher maximum combat radius. The Bad has a

slightly longer endurance than the A-l, but requires

approximately 12% more runway for take-off and landing than the

Pucara. The

A-1 carries twice the payload of the Bad and the Pucara, though

the GAU-13/A cannon is more effective than the cannon on either

airplanes.

3) Ugly. The Ugly and the Piper Enforcer are very similar in

terms of mission profiles. Both have approximately the same

maximum speed, though the Enforcer has more than 39% greater

range. However, the take-off and landing groundruns for the Ugly
are in the range of 40% less. The Enforcer carries over twice as

much payload as the Ugly, though the GAU-13/A is considered to be

more effective than the GAU-5/A. As a point of comparison, the

Apache carries approximately the same payload as the Ugly.

Table II.I Performance Comparison between CAS Aircraft

Good

Bad

Ugly

A-tO

Pucara

Frogfoot

AMX

A-i

Enforcer

AH-64

I 2 3 4 S S ? 8 9 10

20,726 39,725 10,000 364 560 1.3 34,300 1:810 L: 130 10.9

12, 79t 22,289 4! 100 299 168 5.2 31,000 1,120 8J.4 7. 1

7,$17 10,935 2,000 282 157 3.4 32, $00 710 5S0 2.8

24j 918 $0,000 t4,638 368 250 1.8 2.0 4j 000 2,000 7. S

10,022 14,991 3, 307 270 189 --- 32,800 985 6S6 ---

20,950 42,330 9j 920 530 300 ...............

14,770 27,558 8,377 550 280 .... 42,600 2,441 2,400 ---

10,550 25,000 9,000 216 1, 300 4, 0 25,000 .........

7,885 14_ 000 5,680 300 400 --- 25,000 1,730 l_ 580 ---

10,760 21,000 1,700 160 260 3.2 21,000 0 0 9.8

NOt e:

1) Operational Weight Empty, (Ibs)

2) Take-off Weight, (lbs)

3) Payload Weight, (lbs)

4) Maximum Speed, (kts)

5) Combat Rad! us, (nat)

_s) Endurance, (hrs)

7) Combat Ceiling, (it)

8) Take-oft Groundrun, (ft)

9) Landing Groundrun, (ft)

10) Cost i n 14 l ) ions of Doll ars (1989)
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11.2 Cost Comparison

The following two aircraft are included in the cost

comparison:

1) Fairchild Republic A-10
2) McDonnell Douglas AH-64 Apache

The cost for these aircraft were found in References 31 and 32,
respectively.

Table 11.2 shows the 1989 acquisition cost for the above two

aircraft and for the Good, Bad, and Ugly. The Good, Bad, and

Ugly costs are based on a unit cost of producing 500 aircraft.

The A-10 cost is based on its 1977 acquisition cost corrected to

1989 dollars using the consumer price index. The AH-64 cost is

based on the quantity produced as of 1989 (675 units according to

Reference 32).

Table 11.2 Cost Comparison for the Good, Bad, and Ugly

Aircraft Cost millions of 1989 dollars

The Good 10.9

The Bad 7.1

The Ugly 2.8
Fairchild A-10 7.5

Apache AH-64 9.8

From Section II.I, the following aircraft can be compared to

each other on a mission profile basis and thus will be compared

to each other from a cost point of view:

* The Good vs. the A-10

* The Ugly vs. the AH-64

The Good airplane is 3.4 million dollars more expensive than the
A-10. The Ugly and the Apache carry approximately the same
payload while the Ugly costs 7 millions dollars less than the
Apache.
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12 CONCLUSIONS AND RECOMMENDATIONS

The conclusions and recommendations of the preliminary

design of the family of Close Air Support aircraft are presented

in this chapter.

12.1 Conclusions

I) A family of three CAS aircraft were taken through

preliminary design and at this stage they seem viable.

2) Commonality was achieved in the following areas:

Forward fuselage _ Wing

Propulsion system z Weapons system

Landing _ear _ Empennage

3) The weights of the aircraft, including penalties due to

commonality, were calculated. The aircraft have acceptable
center of gravity travels.

4) The aircraft meet all the performance requirements and have
comparable performance characteristics with other CAS
aircraft.

5) The handling qualities for the Good aircraft were

calculated. The Good aircraft is Level I except for a

couple of instances. Aerodynamic redesign or stability

augmentation could be used to bring the aircraft to Level I
for all flight conditions.

6) A preliminary structural arrangement was laid out. The wing
components were sized for the Good aircraft. Advanced

materials were used where possible to reduce weight.

7) The flight control, hydraulic, electrical, environmental

control and anti-ice, and internal weapon systems were

arranged in the aircraft. At this point there is not a

space conflict among the systems.

8) The life cycle cost of the aircraft was estimated for the

three aircraft. The cost savings due to commonality were

also estimated. The Good, Bad, and Ugly aircraft are

affordable, with acquisition costs of $I0.9, $7.1, and $2.8

million, respectively.
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12.2 Recommendations

I) More studies should be performed to predict the success of

the Good, Bad, and Ugly aircraft in the modern battlefield.

2) The structural components should be sized so that better

weight estimates can be obtained. This would also enable

better prediction of the weight penalties due to

commonality.

3) A study needs to be conducted to determine if either

aerodynamic redesign or stability augmentation should be

used to Zet the handling qualities to Level 1 in all flight

conditions.

4) The components of the individual systems need to be sized to

ensure that a space conflict does not exist among the

systems.

5) The flutter analysis needs to be corrected. The wing of the

Good aircraft seems that it may be prone to flutter and

possibly invalidate the design. The flutter analysis should

be given high priority.
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APPENDIX A

The purpose of this appendix is to present the calculations

done to determine the weight and balance for the Good, Bad and

Ugly. Calculations of the moments of inertia for the three

airplanes are also presented.
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APPENDIX B

The purpose of this appendix is to present the calculations
done to verify the performance of the Good, Bad and Ugly aircraft.
The table of contents listed below shows what is included in this
appendix.
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APPENDIX C

The purpose of this appendix is to present the spreadsheet

used in the calculation of the stability and control derivatives.

The derivatives were calculated for 8 flight conditions.

Table of Contents

How to Read the Spreadsheet CI

Special Notices about the Spreadsheet C4
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Table C.4 Longitudinal and lateral-directional

dimensional stability derivatives C25

Table C.5 Longitudinal airplane transfer function C39

Table C.6 Lateral-directional airplane transfer
function C46



_PENDIX C :

To carry the calculations in an iterative method, the spreadsheet format
is used. The following 24 tables are presented in Appendix C.

C.1 Lifting surface parameters

C.2 Fuselage cross-sectional parameters
C.3 Nach number dependent parameters

C.4.i Longitudinal and lateral-dlrectlonal dimensional stability derivatives

C.5.i Longitudinal airplane transfer function

C.6.i Lateral-directional alrplane transfer function

i = 1 Take-off

i = 2 Cruise #1, and loiter

i = 3 Cruise #2

i = 4 Dash-in

i = 5 Maneuver

i = 6 Dash-out

i = 7 Landing

A copy of References 1 through 8, and I0 are required to follow the method

implemented into the spreadsheet.

HOWTO READ THE SPREADSHEET.

The spreadsheet format is simple to use. There are three standard line

formats: Table C.1, Table C.2 and all the others.

Table C.1 presents the lifting surface parameters. In this table the

following lifting surfaces are characterized: wing, horizontal and vertlcal

tails, trailing edge flaps, aileron, elevator and rudder. Table C.1 header

displays reference, unit, variable and the control surface of interest.

Under Reference the standard format is the following:

T8.1VI217 .... >> Table 8.1, Ref.Vl, p.217

V127 -->> Ref.Vl, p.27

F12.3II283 --->> Figure 12.3, Ref. II, p.283

(12.1)II284 -->> Equation (12.1), Ref. II, p.284

mgc .......... >> (description of the variable) mean geometric
chord

There can be 9 different reference symbols:

I for DESIGN BOOK PART I, Ref.1.

II for DESIGN BOOK PART II, Ref.2.

IIl for DESIGN BOOK PART IIl, Ref.3.

IV for DESIGN BOOK PART IV, Ref.4.

V for DESIGN BOOK PART V, Ref.5.

CI



VI for DESIGN BOOK PART VI, Ref.6.
VII for DESIGN BOOK PART VII, Ref.7.
one for AIRPLANE FLIGHT DYNAMICS PART I, Ref.8.

red for AIRPLANE AERODYNAMICS AND PERFORMANCE, Ref.10.

The reference symbol always precedes the page number.

In the format of Table C.1 the variable to the left applies to the lifting

surfaces to the right. As an example the planform areas S are given as follow:

Reference Unit Variable Wing__ H.tailV.tail
Areas sqf S 890 160 120

TE.flaps (etc).
36.85

In some cases the space is blank under a lifting surface. This means that

there is no need for this variable in the analysis.

Table C.2 present the fuselage cross-sectional parameters. The GOOD
airplane fuselage is sectionned into 13 sections for the aerodynamic analysis.

Parameters such as cross-sectional area, perimeter, wet area, height, fuselage
station, side area, width, etc. are tabulated under each fuselage cross-sections.
References use the same format as mentionned above.

The possible units in the unit column are the following:

cu.ft cubic feet

d degree

/d per degree
/d2 or /dA2 per degree square

fpm feet per minute
fps feet per second
ft feet

ft/s2 feet per second square
hp horse power

hp/sqf horsepower per square foot
hr hours
in inches

kts knots
n.m. nautical miles

psf pounds per square foot
psi pounds per square inche
r radian

/r per radtan

/(r.d) per radian degree
r/s radtan per second
s seconds

Sh/4 horizontal tail area divided by 4 (sqf)
slugs slugs

slug.sqf slugs per square foot

sqf square feet
sqi square inches

C2



VA volt ampere

# pounds

#/gal pounds per gallon

#/hp/hr pounds per horse power per hour

#/hr pounds per hour

#/s pounds per second

slug/ft3slugs per cubic foot

#/h/shp pounds per hour per shaft horse power

#s/sqf pounds seconds per square foot

% percent

[blank] dimensionless

[other] description

When more than one unit figure on the same line the variable values to the

right appear in unit order. As an example In Table C.1 the span for the lifting
surfaces reads as follow:

Reference Unit Variable Wing____H.tailV.tailTE.flaps (etc).

Span in,ft b I010 84.3 346 28.8 124 10.33

The left value under each lifting surface is In inches (b - I010 in, b =

346 in, b = 124 In). The right value under each lifting surface_s in feet (hh=

84.3 ft, • = 28.8 ft, b = 10.33 ft). The same method applies for r,d (deg_ew,

radian), khs,fpm (knotsv feet per minute), etc.

In all-other Tables (Table C.3, Tables C.4.1-7, C.5.1-7 and C.6.1-7) the standard

llne format is the following:

Example 1.:

Reference Units Variable Given Measured Computed M=O.O ..... M=0.9

(6.5)V85 # Wsprch 1505

Example 1 reads as follow: Equation (8.5), Reference Design Book Part V,

page.85, is used to compute the supercharger weight variable W The
computed value Is 1,505 lbs, (# under units for pounds), sprch"

Example 2.:

Reference Units Variable Given Measured Computed M=O.O ...... M=0.9
17 _,# _WTO,Wtfo 0.500 197

Example 2 reads as follow: Reference Design Book Part I, page 7, the units

are: to the left a percentage, and to the right pounds; the variables are a

percentage of the take-off weight WTo, (explained in the reference), and the

weight of all trapped (=unusable) fu_l and oil Wte o. The given value 0.500 is
an input for _WTO, and 197 Ibs Is the computed value for Wtfo.

Example 3:

Reference Units Varlable Given Measured Computed M-O.O ...... M-0.9

C3



Vertical tail ........ >> (5.13) (5.15) (5.18) ... (ave)
V71-74 # Wv.... >> 98 198 392 ... 229

Example 3 reads as follow: Equations (5.13), (5.15), and (5.18) from

Reference Design Book Part V, on pages 71 to 74 are used to compute the vertlcal

tall weight. The units are pounds, the variable Is Wv. The computed value with
equation (5.13) is 98 pounds, the computed value wlth Eqn.(5.18) is 392 pounds,
etc.

There is a computed average value under (ave). Considering the aircraft

analyzed, the appropriate equation values are averaged and the vertical tail

weight results. The average value is directly fed to the weight and balance

section of the spreadsheet.

Note that the weight estimation section of table C.3 was not used for the

GOOD airplane, but, since it Is an integral part of the spreadsheet program, and

that other variables are inserted within the weight section it is presented.

The reader must be aware that not all the variables of Table C.3 are used In the

computation of the GOOD alrplane aerodynamic characteristics. The performance

characteristics of Table C.3 must not be regarded as verified values.

SPECIAL NOTICES ABOUT THE SPREADSHEET:

Values given In different sections of the spreadsheets may be:

1.'1) GIVEN values

1.2) MEAStlI_ values

1.3) COMPU_ values

1.4) NACH DEPENDENT values

1.5) LIFTING SURFACE DEPENDENT values
1.6) FUSELAGE CROSS-SECTION DEPENDENT values

1.7) EQUATION DEPENDENT values

Always refer to the first title above the value.

Despite the title of Table C.3 "Nach Number Dependent Parameters", there

are many variables in that table which are not Nach number dependent.

C4
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APPENDIX D

The purpose of this appendix is to show the calculations for

the wing component sizing and the flutter analysis. Also presented

is the method used for the flutter analysis, which was formulated

by Dr. James Locke of the University of Kansas.

Table of Contents

Wing Component Sizin_
Flutter of cantilever aircraft wing

Flutter analysis of the wing (Good Aircraft)
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APPENDIX E

The purpose of this appendix is to show the calculations

done to determine the life cycle costs of the Good, the Bad, and

the Ugly aircraft. The appendix consists of engineering hand

calculations and Lotus spreadsheets. The Table of Contents below

shows _hat is included in this appendix.
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2. Engine Cost Derivation

3. Avionic Cost Estimation

4. Cost Estimation Spreadsheets

- Hand Calculation

- The Good

- The Bad

- The Ugly

5. Operations and Support Calculations

6. Effects of Commonality Calculations
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Nicolai Cost Model

The Good

Last Revised:04/30/88

Time =

WTO =

AMPR =

Maximum Speed =

Flight Test Quantity, QD =

Production Quantity, QP =

Flight Test Rate =

Production Rate =

Airframe Engineering =

Tooling =

Manufacturing =

1989/1970 Dollar =

1989/1979 Dollar =

1989/1981 Dollar =

1989.0

39608.0 ibs

12283.0 Ibs

250.0 kts

3.0

500.0

1.0 per month

8.3 per month

48.3 per hour

34.6 per hour

26.9 per hour
3.1

1.7

1.4

Engine SHP: 6000.0

Prop Diameter(ft): 8.2

Number of Engines: 2.0

Avionics: 3148345 per system

NOTE: All cost figures are expressed in millions of dollars.

i. Engineering Hours

Development:

D = 0.0396*(A^0.791)*(S^I.526)*(QD^0.183)

D = 379231.7 hours

Cost = 18.3

Production:

E = 0.0396*(A^0.791)*(S^I.526)*(Q^0.183) - D

E = 587938.6 hours

Cost = 28.4

2. Development Support

D = 0.008325*(A^0.873)*(S^I.89)*(QD^0.346)

D = 1.5 (1970 dollars)

1989 Cost = 4.8

El4



3. Flight Test Operations

F = 0.001244*(A^I.16)*(S^I.371)*(QD^I.281)

F = 0.5 (1970 dollars)

1989 Cost = 1.7

4. Tooling

Development:

TD = 4.0127*(A^0.754)*(S^0.899)*(QD^0.178)*(R^0.066)
TD = 929696.0 hours

Cost = 32.2

Production:

T = 4.0127*(A^0.754)*(S^0.899)*(Q^0.178)*(R^0.066)
T = 1728597 hours

Cost = 59.8

5. Manufacturing Labor

Development:

LD = 28.984*(A^0.74)*(S^0.543)*(QD^0.524)

LD = 1097328 hours

Cost = 29.5

Production:

L = 28.984*(A^0.74)*(S^0.543)*(Q^0.524) - LD
L = 14919825 hours

Cost = 401.3

6. Quality Control

Development:

Q/C = 0.13"L

Q/C = 142652.7 hours
Cost = 3.8

Production:

Q/C = 0.13"L
Q/C = 1939577 hours

Cost = 52.2

E15



7. Material and Equipment

Development:

MD = 25.672*(A^0.889)*(S^0.624)*(QD^0.792)

MD = 1.3 (1970 dollars)

1989 Cost = 4.0

Production:

M = 25.672*(A^0.889)*(S^0.624)*(Q^0.792)

M = 72.6 (1970 dollars)

1989 Cost = 227.9

8. Engine and Avionics

Engines:

Propeller Cost: Cost/prop = $350.11*(Dp^2)*(Ep/Dp^2)^0.12

Cost/prop = 0.04 (1979 dollars)

1989 Cost/aircraft = 0.14 (two propellers per engine)

Engine Cost: Cost data from Pratt & Whitney

Cost/eng = 1.8

1989 Cost/aircraft = 4.9

Total Cost/aircraft = Prop. Cost/AC + Eng. Cost/AC = 5.1

Development:

1989

Production:

1989

Assume 3 engines per flight test aircraft

Cost = 15.2

Cost = 2538.9

Avionics:

Development:

Cost =

Production:

Cost =

9.4

1574.2

El6



, Total DT&E Cost

Airframe Engineering .................

Development Support .................

Flight Test Aircraft ................

Engines & Avionics ...... 24.7

Manufacturing Labor ..... 29.5

Material & Equipment .... 4.0

Tooling ................. 32.2

Quality Control ......... 3.8

Flight Test Operations ..............

Subtotal

Profit (10 percent of Subtotal)

Total DT&E Cost

18.3

4.8

94.2

1.7

119.0

11.9

130.9

10. Total Production and Unit Cost

Engine and Avionics .................

Manufacturing Labor .................

Material and Equipment ..............

Sustaining Engineering.. ............

Tooling .............................

Quality Control .....................

Subtotal

Profit (10 percent of Subtotal)

Total Production Cost

4113.1

401.3

227.9

28.4

59.8

52.2

4882.8

488.3

5371.1

With the RDT&E cost to be spread

the selling price is increased by

The 1989 unit cost (at 500.0

5371.1 / 500.0 +

out over 500.0 aircraft

0.3 million per a/c.

units) is:

0.3 = 11.00

E17



Nicolai Cost Model
The Bad

Last Revised:04/30/88

Time =
WTO =
AMPR =
Maximum Speed =

Flight Test Quantity, QD =
Production Quantity, QP =
Flight Test Rate =
Production Rate =
Airframe Engineering =

Tooling =
Manufacturing =

1989/1970 Dollar =
1989/1979 Dollar =
1989/1981 Dollar =

1989.0
21833.0 ibs

7377.0 ibs
250.0 kts

3.0
500.0

1.0 per month
8.3 per month

48.3 per hour
34.6 per hour
26.9 per hour

3.1
1.7
1.4

Engine (SHP): 2500.0
Prop Diameter(ft): 7.1
Number of Engines: 2.0

Avionics: 3148345 per system

NOTE: All cost figures are expressed in millions of dollars.

i. Engineering Hours

Development:

D = 0.0396*(A^0.791)*(S^I.526)*(QD^0.183)

D = 253371.5 hours

Cost = 12.2

Production:

E = 0.0396*(A^0.791)*(S^I.526)*(Q^0.183) - D

E = 392812.3 hours

Cost = 19.0

2. Development Support

D = 0.008325*(A^0.873)*(S^I.89)*(QD^0.346)

D = 1.0 (1970 dollars)

1989 Cost = 3.1
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3. Flight Test Operations

F = 0.001244*(A^I.16)*(S^I.371)*(QD^I.281)

F = 0.3 (1970 dollars)

1989 Cost = 0.9

4. Tooling

Development:

TD = 4.0127*(A^0.754)*(S^0.899)*(QD^0.178)*(R^0.066)
TD = 629756.3 hours

Cost = 21.8

Production:

T = 4.0127*(A^0.754)*(S^0.899)*(Q^0.178)*(R^0.066)

T = 1170915 hours

Cost = 40.5

5. Manufacturing Labor

Development:

LD = 28.984*(A^0.74)*(S^0.543)*(QD^0.524)
LD = 752458.1 hours

Cost = 20.2

Production:

L = 28.984*(A^0.74)*(S^0.543)*(Q^0.524) - LD
L = 10230797 hours

Cost = 275.2

6. Quality Control

Development:

Q/C = 0.13"L

Q/C = 97819.6 hours

Cost = 2.6

Production:

Q/C = 0.13"L

Q/C = 1330004 hours
Cost = 35.8
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7. Material and Equipment

Development:

MD = 25.672*(A^0.889)*(S^0.624)*(QD^0.792)

MD = 0.9 (1970 dollars)
1989 Cost = 2.8

Production:

1989 Cost =

M = 25.672*(A^0.889)*(S^0.624)*(Q^0.792)

M = 51.1 (1970 dollars)

160.4

8. Engine and Avionics

Engines:

Propeller Cost: Cost/prop = $350.11*(Dp^2)*(Ep/Dp^2)^0.12

Cost/prop = @.03 (1979 dollars)

1989 Cost/aircraft = 0.09 (two propellers per engine)

Engine Cost: Cost data from Pratt & Whitney

Cost/eng = 0.8
1989 Cost/aircraft = 2.2

Total Cost/aircraft = Prop. Cost/AC + Eng. Cost/AC = 2.3

Development:

1989

Production:

1989

Assume 3 engines per flight test aircraft

Cost = 1.7

Cost = 1127.4

Avionics:

Development:

Cost =

Production:

Cost =

9.4

1574.2
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• Total DT&E Cost

Airframe Engineering ................

Development Support .................

Flight Test Aircraft ................

Engines & Avionics ...... 11.1

Manufacturing Labor ..... 20.2

Material & Equipment .... 2.8

Tooling ................. 21.8

Quality Control ......... 2.6

Flight Test Operations ..............

12.2

3.1

58.6

0.9

Subtotal 74.9

Profit (10 percent of Subtotal) 7.5

Total DT&E Cost 82.4

10. Total Production and Unit Cost

Engine and Avionics ................. 2701.5

Manufacturing Labor ................. 275.2

Material and Equipment .............. 160.4

Sustaining Engineering .............. 19.0

Tooling ............................. 40.5

Quality Control ..................... 35.8

Subtotal 3232.4

Profit (10 percent of Subtotal) 323.2

Total Production Cost 3555.7

With the RDT&E cost to be spread out over 500.0 aircraft

the selling price is increased by 0.2 million per a/c.

The 1989 unit cost (at 500.0 units) is:

3555.7 / 500.0 + 0.2 = 7.28
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Nicolai Cost Model

The Ugly

Last Revised:04/30/88

Time =

WTO =

AMPR =

Maximum Speed =

Flight Test Quantity, QD =

Production Quantity, QP =

Flight Test Rate =
Production Rate =

Airframe Engineering =

Tooling =

Manufacturing =

1989/1970 Dollar =

1989/1979 Dollar =

1989/1981 Dollar =

1989.0

10663.0 ibs

3089.0 ibs

250.0 kts

3.0

500.0

1.0 per month

8.3 per month

48.3 per hour

34.6 per hour

26.9 per hour
3.1

1.7

1.4

Engine (SHP): 2500.0

Prop Diameter(ft): 7.1

Number of Engines: 1.0

Avi0nics:948345.0 per system

NOTE: All cost figures are expressed in millions of dollars.

i. Engineering Hours

Development:

D = 0.0396*(A^0.791)*(S^I.526)*(QD^0.183)

D = 127265.5 hours

Cost = 6.1

Production:

E = 0.0396*(A^0.791)*(S^I.526)*(Q^0.183) - D

E = 197305._ hours

Cost = 9.5

2. Development Support

D = 0.008325*(A^0.873)*(S^I.89)*[QD^0.346)

D = 0.5 (1970 dollars)

1989 Cost = 1.4
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3. Flight Test Operations

F = 0.001244*(A^I.16)*(S^I.371)*(QD^I.281)

F = 0.1 (1970 dollars)
1989 Cost = 0.3

4. Tooling

Development:

TD = 4.0127*(A^0.754)*(S^0.899)*(QD^0.178)*(R^0.066)

TD = 323842.0 hours

Cost = 11.2

Production:

T = 4.0127*(A^0.754)*(S^0.899)*(Q^0.178)*(R^0.066)

T = 602124.3 hours

Cost = 20.8

5. Manufacturing Labor

Development:

LD = 28.984*(A^0.74)*(S^0.543)*(QD^0.524)

LD = 395108.6 hours

Cost = 10.6

Production:

L = 28.984*(A^0.74)*(S^0.543)*(Q^0.524) - LD
L = 5372095 hours

Cost = 144.5

6. Quality Control

Development:

Q/C = 0.13"L

Q/C = 51364.1 hours

Cost = 1.4

Production:

Q/C = 0.13"L

Q/C = 698372.3 hours

Cost = 18.8
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7. Material and Equipment

Development:

MD = 25.672*(A^0.889)*(S^0.624)*(QD^0.792)

MD = 0.5 (1970 dollars)
1989 Cost = 1.5

Production:

M = 25.672*(A^0.889)*(S^0.624),(Q^0.792)

M = 28.0 (1970 dollars)
1989 Cost = 88.1

8. Engine and Avionics

Engines:

Propeller Cost: Cost/prop = $350.11*(Dp^2)*(Ep/Dp^2)^0.12

Cost/prop = 0.03 (1979 dollars)

1989 Cost/aircraft = 0.05 (one propeller per engine)

Engine Cost:

Cost/eng = 0.8 -
1989 Cost/aircraft = I.i

Total Cost/aircraft = Prop. Cost/AC + Eng. Cost/AC = i.i

Development:

1989

Production:

Assume 3 engines per flight test aircraft

Cost = 1.7

1989 Cost = 563.7

Avionics:

Development:

Cost =

Production:

Cost =

2.8

474.2
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, Total DT&E Cost

Airframe Engineering ................

Development Support .................

Flight Test Aircraft ................

Engines & Avionics ...... 4.5

Manufacturing Labor ..... 10.6

Material & Equipment .... 1.5

Tooling ................. 11.2

Quality Control ......... 1.4

Flight Test Operations ..............

6.1

1.4

29.3

0.3

Subtotal 37.2

Profit (10 percent of Subtotal) 3.7

Total DT&E Cost 40.9

10. Total Production and Unit Cost

Engine and Avionics ................. 1037.9

Manufacturing Labor ................. 144.5

Material and Equipment .............. 88.1

Sustaining Engineering .............. 9.5

Tooling ............................. 20.8

Quality Control ..................... 18.8

Subtotal 1319.6

Profit (10 percent of Subtotal) 132.0

Total Production Cost 1451.5

With the RDT&E cost to be spread out over 500.0 aircraft

the selling price is increased by 0.1 million per a/c.

The 1989 unit

1451.5 /

cost (at 500.0 units) is:

500.0 + 0.1 = 2.98
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Commonality Cost Calculations

Good Bad Ugly

250

x/Ib

y/Ib

Saving

Commonality Cost

500

x/ib

y/ib

Saving

Commonality Cost

750

x/Ib

y/ib

Saving

Commonality Cost

1000

x/ib

y/ib

Saving

Commonality Cost

216.1

128.5

189742

11.61

154.8

94.9

129743

10.87

128.5
80.1

104834

10.57

113.1

71.3

90539

10.38

247

147.4

215734

7.58

177.3

109 .I

147721
7.13

147.4

92.2

119563

6.93

129.8

82.1

103318

6.82

310.7

186.5

269017

2.99

223.9

138.5

184976
2.80

186.5

117.3

149887

2.72

164.5

104.6

129743

2.67

\
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